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Summary
The future of electronics is turning to quantum dots and other nanostructures, and
the demands on feature sizes will only become progressively more stringent. One
way of fabricating these nanostructures is by the self-assembly of surface structures
in heteroepitaxial thin film-substrate systems. This area of study has typically
revolved around the understanding of the kinetics and energetics of strain relaxation,
surface, interfacial boundary, compositional effects, and island-islands interaction.
However, these factors are not fully-understood and are often difficult to manipulate.
Regardless of the challenges ahead, self-assembled electronics remains an attractive
concept to many researchers. The lure of higher throughput and highly cost-effective
production aside, self-assembled fabrication not only holds the promise of a whole
new paradigm in electronics, but ushers in the next age of nanotechnology as well.
In this thesis, we investigate a heteroepitaxial film-substrate system under the
influence of an electric field between the film and an electric plate suspended above
it. Four types of energy are included in the model: The strain energy, the surface
energy, the film-substrate interaction energy, and the electrostatic energy. The first-
order boundary perturbation method is employed in solving the energies for both
conducting films and dielectric films. Of particular interest is that in comparison to
the other three energy types, the electrostatic energy is relatively easy to control by
manipulating the electrical parameters.
v
SUMMARY vi
Our results showed that the electrostatic energy always has a destabilizing effect
on the film. A critical film thickness was found to exist above which the film is
always unstable, and below which the film is always in equilibrium. By fabricating
patterns onto the electric plates, the electric field generated above the film would be
non-uniform and this in turn leads to a relationship between the film morphology
and the plate pattern. Films subjected to this non-uniform electric field will develop
a surface profile that resembles the plate pattern – electromolding.
Some deviation will however exist between the film profile and the plate pat-
tern. To maintain the integrity of the film profile, a approximation technique was
developed to calculate a suitable plate pattern capable of compensating for the film
deviation. Consequently, the island formation can be triggered in any shape, size,
or position for films below a critical thickness. Furthermore, these nanostructures
not only exist in equilibrium, but also do not encounter any energy barrier in their
formation.
We name our method Electro-Molding for Self-Organized Nanoislands (EM-
SON). The EMSON method is demonstrated on several representative nanostruc-
tures, followed by a qualitative analysis of the plate pattern. A preliminary inves-
tigation on the practical feasibility of EMSON suggested that the plate roughness
and the sensitivity of EMSON towards fluctuating variables can be easily controlled
by adjusting the lattice mismatch, the properties of the film, and the properties of
the electric field.
List of Figures
1.1 Schematics of the SK and VW growth modes. . . . . . . . . . . . . . 3
1.2 Schematics for Ostwald ripening. . . . . . . . . . . . . . . . . . . . . 4
2.1 A SK film developing a cosine wavy shape. . . . . . . . . . . . . . . . 11
3.1 Schematics of electromolding a wavy pattern onto a 2D dielectric film. 18
3.2 A wavy dielectric film in between two flat electric plates. . . . . . . . 24
3.3 A flat dielectric film between a wavy top electric plate and a flat
bottom electric plate. . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.4 Schematics of electromolding a wavy pattern onto a 2D conducting
film. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.5 A wavy conducting film under a flat electric plate. . . . . . . . . . . . 36
3.6 A flat conducting film under a wavy electric plate. . . . . . . . . . . . 39
4.1 Preliminary investigation into the dependence of α on Hf and Hv for
the conducting film. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
4.2 The critical film thickness and the critical plate height for film stability. 47
4.3 Parametric study on α against the axes k and wˆe0 for a conducting
film. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
4.4 Parametric study on α against the axes k and Hv for the conducting
film. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
vii
LIST OF FIGURES viii
4.5 Schematics of the behavior of the total energy change against A at a
given frequency. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
4.6 Example of electromolding with a basic cosine wavy pattern. . . . . . 53
4.7 Parametric study on Req against the axes k and wˆe0 for a conducting
film. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
4.8 Parametric study on Req against the axes k and Hv for a conducting
film. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
4.9 Contours of the characteristic diffusion length for a conducting film
against the electrical parameters. . . . . . . . . . . . . . . . . . . . . 59
4.10 Preliminary investigation into the dependence of α on ε2/ε1 for the
dielectric film. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
4.11 Contours of εˆcr against the axes k and the electrical parameters. . . . 63
4.12 The variation of the critical ratio εˆcr,min with the electrical parameters. 64
4.13 Contour plots of the critical film thickness against the axes ε2/ε1 and
the electrical parameters. . . . . . . . . . . . . . . . . . . . . . . . . . 64
4.14 Contour plots of the film stability against the axes ε2/ε1 and the
electrical parameters. . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
4.15 Schematics of the electromolding when ε2/ε1 > 1. . . . . . . . . . . . 67
4.16 The variation of Req with ε2/ε1 and k. . . . . . . . . . . . . . . . . . 68
4.17 The variation of Req with ε2/ε1 and wˆe0. . . . . . . . . . . . . . . . . 69
4.18 The variation of Req with ε2/ε1 and Hv. . . . . . . . . . . . . . . . . 69
4.19 Contours of the characteristic diffusion length during electromolding. 71
5.1 An smooth 2D plate pattern. . . . . . . . . . . . . . . . . . . . . . . 75
5.2 Example of electromolding a 2D bump . . . . . . . . . . . . . . . . . 77
5.3 Example of electromolding with a low amplitude ratio when the cosine
frequency is high. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
LIST OF FIGURES ix
5.4 A cosine bump. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
5.5 A exponential bump. . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
5.6 A ring. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
5.7 A quantum cellular array. . . . . . . . . . . . . . . . . . . . . . . . . 87
5.8 A FCC dot array. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
5.9 Two parallel wires. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
5.10 A Y-junction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
A.1 Grayscale surface plots of the plate roughness against the axes Hf
and Hv. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
A.2 Parametric study on the sensitivity of the electromolded film profile
towards a variation in Hf . . . . . . . . . . . . . . . . . . . . . . . . . 108
A.3 Parametric study on the sensitivity of the electromolded film profile
towards a variation in Hv. . . . . . . . . . . . . . . . . . . . . . . . . 110
List of Symbols
* Bold symbols denote vectors and tensors.
Γ Film surface
∆Ee Change in the total electrostatic energy
∆Ee,0 Change in the electrostatic energy when the film and the electric plate
are both flat
∆ee,f Change in the electrostatic energy per unit length of the solid in the
lateral direction when the film is wavy
∆ee,P Change in the electrostatic energy per unit length of the solid in the
lateral direction when the plate is wavy
∆eI Change in interaction energy per unit length of the solid in the lateral
direction
∆es Change in surface energy per unit length of the solid in the lateral
direction
∆etot Change in the total energy change of the system
∆u2D Strain energy relaxation per unit length of the solid in the lateral
direction
Ω Atomic volume
α Energy term due to a wavy film when an electric field is applied
is flat
α0 Energy term in the absence of an electric field
αmin Smallest value of α over all values of k
β Energy term due to a wavy electric plate when an electric field is
applied
γ Surface energy density
δEe Variation in the total electrostatic energy
δEe,SK Variation in the electrostatic energy in the plate-SK-plate capacitor
δaˆ Sensitivity of the electromolded film profile to variations in Hf and Hv
δf Variation of the shape of the film-vacuum interface
ε1 Electrical permittivity in the film
x
LIST OF SYMBOLS xi
ε2 Electrical permittivity in the vacuum
εˆcr Critical value of ε2/ε1 for the stability of the flat film
εˆcr,min Smallest value of εˆcr for all values of k
εm Mismatch strain
λ Wavelength of a cosine film profile
λo Wavelength of a cosine plate pattern
µ Shear modulus
µ0 Chemical potential of the film without any stress or electric field
ν Poisson’s ratio
pi 3.141592653
ρ Roughness of the electric plate
ρs Surface atomic density of mobile atoms
σtt Surface traction on the wavy film
χ Surface chemical potential
ω Scaling factor for the exponential bump radius
A Height of the film profile
Aeq Equilibrium height of film profile
B Height of the electric plate pattern
CB Capacitance of the battery
Cs Diffusion parameter
D Diameter of a cosine bump, or the width of a wire
D1n Electric displacement within the film along the vertical axis
D2n Electric displacement within the vacuum along the vertical axis
Ds Surface diffusion coefficient
E Electric field tensor
E1n Electric field within the film in the normal direction to the surface
E1t Electric field within the film in the tangential direction to the surface
E2n Electric field within the vacuum in the normal direction to the surface
E2t Electric field within the vacuum in the tangential direction to the
surface
Ea Applied electric field
Ee Total electrostatic energy
Ee,B Electrostatic energy stored in the battery
Ee,SK Electrostatic energy stored in the plate-SK-plate capacitor
EI Interaction energy
Es Surface energy
Hf Average film thickness
Hf,cr Critical film thickness for the stability of the flat film
Hf,cr1 Critical film thickness when Hv approaches zero
Hf,cr2 critical film thickness when Hv approaches infinity
Hv Average separation distance between the upper electric plate and the
dielectric film
LIST OF SYMBOLS xii
Hv,cr Critical plate height for the stability of the flat film
L Characteristic diffusion length
L Characteristic wavelength
P Shape function for the plate pattern
Q Total charge in the system
QB Charge in the battery
QSK Charge in the plate-SK-plate capacitor
R Height ratio, R = −A/B
Rˆ Height ratio normalized to between 0 and 1, Rˆ = R/Req
Req Equilibrium height ratio, Req = −Aeq/B
SK Stranski-Krastanow




V1 Electric potential in the film
V ∗1 Change in the electric potential in the film due to a wavy film or plate
surface
V10 Electric potential in the film the film and plate are flat
V2 Electric potential in the vacuum
V ∗2 Change in the electric potential in the vacuum due to a wavy film or
plate surface
V20 Electric potential in the film the film and plate are flat
Va Potential difference between the base plate and the top plate
Vf Potential difference between the base plate and the film surface
W Wire length
amn 2D Fourier coefficients for describing the approximated film profile
a∗n 1D Fourier coefficients for describing the intended film profile
bmn 2D Fourier coefficients for describing the plate pattern
an 1D Fourier coefficients for describing the approximated film profile
bn 1D Fourier coefficients for describing the plate pattern
erra Difference between the intended film shape and the approximated one
f Shape function for the film profile
fˆ Normalized shape function, fˆ = f/A
fb,cos Shape equation of an cosine bump
fb,exp Shape equation of an exponential bump
fr Shape equation of a ring island
fw Shape equation of a wire
g Interaction energy density on the film surface
LIST OF SYMBOLS xiii
g0 Constant for scaling the interaction energy density
k Frequency of a cosine film profile
kb Boltzmann constant, kb = 1.38× 10−23 JK−1
kmn Actual frequency along the vector axis (mk, nk)
ko Frequency of a cosine plate pattern
` Length constant for modelling the interaction energy
l Length of the 2D film surface
n Normal vector of a surface
r Radius of a ring island
ra,n Simplifying term in the calculation of the approximated film shape
t Tangent vector of a surface
t Time
tˆ Time normalized by tl, tˆ = t/tl
ta Accuracy requirement for the approximated film shape
tl Characteristic time period
w Strain energy density
w0 Characteristic strain energy density
we0 Characteristic electrostatic energy density
wˆe0 Characteristic electrostatic energy density normalized by w0, wˆe0 = we0/w0
wˆe0,cr Critical value of wˆe0 for the stability of the flat film
we1 Electrostatic energy density in the film
we1,0 Electrostatic energy density in the film when the film is flat
we1,f Change in the electrostatic energy density in the film due to a wavy film
profile
we1,P Change in the electrostatic energy density in the film due to a wavy
plate pattern
we2 Electrostatic energy density in the vacuum
we2,0 Electrostatic energy density in the vacuum when the film is flat
we2,f Change in the electrostatic energy density in the vacuum due to a wavy
film profile
we2,P Change in the electrostatic energy density in the vacuum due to a wavy
plate pattern
xΓ Location on the film surface
xE Location on the plate surface
Chapter 1
Introduction
1.1 Limitations of Conventional Lithography
Conventional lithography has played a major role in semiconductor circuit fabrica-
tion for the past two decades. However, even with all the tweaks and innovations
currently employed by Intel in its 90nm process, it cannot be denied that the ever-
increasing demand on smaller and more densely packed circuitry is pushing the
envelope of the current lithography technology. Although advances in lithography
such as extreme ultraviolet can achieve further shrinking of the circuits, the same
problems of mask, lens, or image inadequacies will still be an issue as the feature
size decreases. The maskless variations of ion beam (Kubena et al., 1989) and elec-
tron beam (Chou et al., 1996) lithographic techniques may avoid many problems of
image resolution but it remains to be seen whether they can be employed in cost-
effective, high throughput manufacturing. Furthermore, the smaller feature sizes
exacerbate problems of signal integrity, such as crosstalk, capacitative coupling,
electromigration, via resistance, and wire self-heating. To solve these problems,
the appropriate signal integrity solutions must be integrated into the already too
1
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complicated IC design flow, and these necessary additions are beginning to limit
technological progress.
To continue the advancement of electronics in the near future, the answer is be-
lieved to be found in the enigmatic quantum effect. Nanoscaled quantum constructs
such as quantum dots, quantum wires, and quantum-dot cellular arrays (QCA)
(Orlov et al., 1997) have unique electrical and optical properties that can be utilized
as for the next generation of electronics (Leonard et al., 1994; Tarucha et al., 1996;
Kagan et al., 1996; Bimberg et al., 1999; Sun and Murray, 1999; Schmidt and Eberl,
2001; Bimberg and Ledentsov, 2003; Bhattacharya et al., 2004). However, these
nanostructures are tinier than the smallest features in the current electronic circuits
and are even harder to fabricate.
1.2 Self-Assembled Island Growth
Heteroepitaxial Stranski-Krastanow (SK) (Stranski and Krastanow, 1937) and Volmer-
Weber (VW) (Volmer and Weber, 1926) systems have become the focus of much
research as they appear to be uniquely suited to generating the quantum dots,
wires and other nanostructures for the next generation of quantum circuitry. Het-
eroepitaxial film-substrate systems refer to lattice-mismatched film and substrate
materials possessing different chemical compositions that experience strain due to
the misalignment of their crystal lattices at their interface.
In the VW system, the film-substrate bond is too weak compared to the mis-
match strain and the surface free energies of both film and substrate. Thus, the
deposited film material immediately coalesce into islands on the substrate surface;
see Fig. 1.1.
In the SK growth mode, the deposited film material initially experiences a rel-
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Figure 1.1: A schematic diagram of the SK and VW growth modes.
atively strong film-substrate interaction that favors the formation of a flat wetting
layer. Although the surface area of the exposed film is large, the incurred free sur-
face energy is lower than the free surface energy of a system consisting of islands on
top of an exposed substrate. However, the strength of the film-substrate interaction
decreases as the film thickness increases. Upon exceeding a critical thickness, strain
energy reduction due to island formation overcomes the deterrence from the film-
substrate interaction. Consequently, islands form on the wetting layer to release the
accumulated strain energy. The SK mode is the main mechanism that controls the
self-assembly of the nanostructures observed in experiments.
In truth, the self-assembly of islands on thin films is but one small part of a
larger concept. In 1959, Richard Feynman brought nanotechnology to the attention
of the scientific community with his talk entitled “There’s Plenty of Room at the
Bottom”. Drexler (1986, 1992) followed up with a comprehensive analysis of the
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requirements and possibilities of nanotechnology. Since then, nanotechnology has
permeated almost every aspect of science and technology. However, the top-down
approach to manufacture, no matter how sophisticated, cannot forever keep up with
the ever-shrinking sizes. One illuminating realization is that self-assembly has long
been employed in biological systems, and is possibly the most promising mecha-
nism for the complex, dynamic, and above all, miniscule technology of the future.
The development of self-assembled fabrication on thin films, however difficult, is a
necessary step in that direction
Self-assembled fabrication faces significant challenges in the control of the in-
dividual shape, size and position of the numerous nanostructures in an electronic
circuit. A classic example would be Ostwald ripening, also known as coarsening
(Ross et al., 1998; Floro et al., 2000; Liu et al., 2003). As depicted in Fig. 1.2, coars-
Figure 1.2: A schematic diagram of Ostwald ripening.
ening refers to the phenomenon whereby a larger island grows by absorbing the
mass from surrounding smaller islands. Through this process, the surface coverage
of the islands decreases, the island shape, size distribution, and locations becomes
uncontrolled, and the quantum properties of the ripening islands are lost.
1.3 Current Research
To overcome the problems inherent in the self-assembly process, the underlying
mindset in the literature is to understand how an unstable film morphology can be
stabilized. Floro et al. (1997) performed real-time stress measurements to guide ex
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situ microscopic measurements in dislocation-free low stress SiGe systems. They
showed that when the adatom mobility is high, the film with low Ge composition
behaved similarly as pure Ge films but with much larger island sizes and wetting
layer thickness. Later, Floro et al. (1998) used realtime light scattering and stress
measurements to detect shape transition in the islands. They showed that elastic
interaction between islands can significantly reduce the minimum island volume re-
quired in the shape transition from pyramid to dome islands. The elastic interaction
also reduces the activation energy barrier associated with the transition.
A bimodal island size distribution was often observed in experiments. Medeiros-
Ribeiro et al. (1998) showed that the two peaks in the size distribution correspond
to small pyramids and large domes. They argued that the pyramids and domes
were minimum energy configurations for strained islands. However, their argument
assumed an abrupt increase in the island size during the shape transition. This is
kinetically improbable.
Ross et al. (1998, 1999) employed UHV TEM to observe the real time evolution of
the transition from pyramid islands to domes. In their observations, they explained
the bimodal distribution as being due to an abrupt change in the chemical potential
of the island as the equilibrium shape changed from pyramid to dome. In other
words, a pyramid island grows in volume until the energy of the dome becomes
lower than that of the pyramid, upon which the pyramid transforms into the dome.
Another interesting observation reported in the literature was the formation of
islands without the initial nucleation (Tromp et al., 2000; Tromp and Ross, 2000;
Chen et al., 1997; Vailionis et al., 2000). Instead, elevated precursor mounds or
prepyramids emerged, increasing in elevation until they formed pyramid islands
with {105} facets. The sidewalls of these precursor mounds are made up of widely
spaced steps oriented in the [100] or [110] directions for low or high Ge compositions.
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In the theoretical study of self-assembled islands, it is well established that sur-
face diffusion on the flat surface of a stressed film will lead to instability against
undulation of wavelengths larger than a critical value (Asaro and Tiller, 1972;
Srolovitz, 1989; Grinfeld, 1993). Gao (1991) later considered the effects of grav-
ity on the roughening process, and he found that the instability of material surfaces
against roughening becomes bounded by two critical wavelengths.
Chiu and Gao (1993) and Yang and Srolovitz (1993) studied the problem of non-
linear surface instabilities. Their results demonstrated that cusps (or cracks) can
form on a nominally flat surface without the presence of macroscopic voids or notches
to initiate the fracture. Chiu and Gao (1995) later performed a broader study of the
film morphology during deposition and showed that the deposition rate determines
whether the film evolution will develop a steady state surface morphology, form
unstable cusps, or lead to a smooth profile with islands and flattened valleys.
Spencer and Tersoff (1997) calculated the equilibrium structure of a smooth
two-dimensional island for a given volume by considering the strain energy and
the surface energy. They found that the chemical potential of the equilibrium island
structure decreases with island size. This implies the system will favor larger islands
over smaller ones, leading to coarsening. Similar results were also obtained by
Freund and Jonsdottir (1993), and Kukta and Freund (1997).
Shchukin et al. (1995) made an important step in the understanding of the
equilibrium configurations of a strained system. They found that depending on
the material constants and misfit, one can obtain either ripening islands or stable
faceted ones in the system. However, their work neglected the existence of the
wetting layer, and in doing so, they could not predict the actual growth mode nor
the island surface coverage, island size, and the wetting layer thickness as a function
of the total film material deposited.
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A more in-depth study was performed by Daruka and Baraba´si (1997), and
later Daruka et al. (1999). They constructed phase diagrams for three-dimensional
faceted islands detailing the possible island growth modes in terms of the island
surface coverage, wetting layer thickness, and island size, as well as phase diagrams
for the island shape as a function of film volume and surface energy. However, the
basic issue of relating the wetting layer thickness to the triggering of island growth
is not addressed
Chiu et al. (2004) were the first to develop a mathematical model that considered
the triggering of the island growth together with the critical wetting layer thickness,
the island size, and the surface coverage. An improved model was presented later
by Chiu and Poh (2005). They used the first order boundary perturbation method
to calculate the strain energy of faceted islands. One notable achievement of the
method was its capability in handling different nanostructures, including single is-
lands, island arrays, symmetrical islands, and asymmetrical islands. In particular,
they calculated the energy change for the shape transition of one island into an
asymmetrical transitional dome shape within an otherwise uniform pyramid array.
They found that the surrounding islands facilitates the shape transition process.
The existence of precursor mounds was studied theoretically by Tersoff et al.
(2002) as well. They found that the prepyramid formation involved surface un-
dulation by surface diffusion. They explained that during the surface undulation
process, the prepyramids undergo a transition of its steepest slopes to {105} facets,
until a completely faceted pyramid is formed. Another study by Shenoy et al.
(2002) investigated the precursor mounds by studying the energetics of the steps of
the sidewalls. They concluded that the nucleationless growth of the mounds can be
understood on the basis of strain dependence of [100] and [110] oriented steps on
the (001) surface. They explained that the rebonding at the step edges enhances
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the stability of the sidewall in the presence of strain. Furthermore, the competition
between the strain-induced reduction of step formation energies and the repulsive
step interactions causes optimum low-energy planes such as {105}.
In recent years, it was proposed that the compositional variation in the film is
the cause of the flat wetting layer and its sudden transition to the islanded surface
(Walther et al., 2001; Denker et al., 2003; Varga et al., 2004; Tu and Tersoff, 2004).
However, the mechanism behind the variation in the film composition is not clearly
specified. In addition, the compositional variation may constitute only a part of
the complete SK island growth mechanism. The interaction energy used in this
thesis is well-established by Suo and Zhang (1998) and will suffice for our energy
calculations.
Some novel methods have been suggested to control the nanostructures formed on
the film. One method, perhaps the most popular, is the construction of multilayered
film structures (Xie et al., 1995; Tersoff et al., 1996; Shchukin et al., 1998; Springholz
et al., 1998; Zhang et al., 1999; Springholz et al., 2003; Wang, 2004). The research
showed that the spacer layer thickness, the arrangement of the buried islands, and
the time allowed for the film evolution are crucial to the island distribution on the
topmost film.
Chiu et al. (2004) proposed etching prepatterns on the film surface of an SK
system where the film thickness is constrained within a special range where surface
undulation is prohibited but island nucleation is still possible. They showed that
the prepatterns can trigger and influence the location, the size, and the shapes of
the self-assembled islands.
It has also been proposed to selectively create dislocations that would control
the island formation (Xie et al., 1997; Ovid’ko and Sheinerman, 2002a,b; Kim et al.,
2003). It was found that the generation of dislocations is a relaxation mechanism for
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strained nanoislands and the type of dislocation generated can make a big difference
to the relaxation. Furthermore, the strain field from buried dislocation arrays in a
relaxed SiGe buffer layer could provide preferential nucleation sites for growing Ge
quantum dots, dependent also on the Burgers vector direction of the dislocations.
Du and Srolovitz (2004) has began a promising line of investigation in the effects
of an electric field on a film. They studied a system of two charged metal plates
parallel to each other and found that a flat surface is unstable for all finite electric
fields with a critical wavelength inversely proportional to the field strength. They
stressed the importance of this work in the context of avoiding shorts in the ever-
narrowing electrical circuits, but we believe that the applications of the destabilizing
electric field does not just stop there.
The findings of Du and Srolovitz (2004) motivate us to explore the potential of
applying an electric field to control the shapes, sizes, and locations of nanoislands in
an SK system. Both conducting and dielectric films are investigated in this thesis.
The effects of the electric field on the film morphology are determined by considering
how the total energy of the system is affected by a variation in the surface profile of
the film. The total energy consists of the strain energy, the surface energy, the film-
substrate interaction energy, and the electrostatic energy. Of particular interest
is the case where the electric field is generated by a patterned plate in order to
control the island formation. Our results show that the electric field induced by
the patterned plate can influence the shapes, sizes, and locations of islands. The
proposed scheme of using patterned electric plate to control the island formation is
termed Electro-Molding Self-Organization for Nanoislands (EMSON).
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1.4 Thesis Outline
Chapter 2 explains our basic methodology for analyzing the energy change and
presents the formulae for calculating the change in the strain energy, the surface
energy, and the interaction energy of the undulating film. In chapter 3, the electro-
static energy is derived for the case of dielectric and conducting films. All four types
of energy are combined in chapter 4, where a stability analysis of the film against
surface undulation is presented. From the insights gained, EMSON is developed
and analyzed in chapter 5 as a promising new method of self-assembled fabrication.
Our findings are summarized in chapter 6.
Chapter 2
The System Energy in the
Absence of an Electric Field
In this chapter, a brief review is given on the total energy change of the film-substrate
system as the film surface develops a wavy profile in the absence of an electric field.
The solution for the strain energy is presented in section 2.1, the surface energy in
section 2.2, and the film-substrate interaction energy in section 2.3. These three
types of energy make up the total energy change in the absence of the electric field.
Figure 2.1: A schematic diagram of a flat film developing a cosine wavy shape.
Figure 2.1 plots schematically the scenario considered in this section that a flat
film develops into a cosine profile. The amplitude of the cosine wave is A, the
wavelength is λ, and the average film thickness is Hf . The shape function for the
11
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cosine wavy film is
f(x) = Afˆ, (2.1)
fˆ = cos(kx),
where fˆ is the normalized shape function and k = 2pi/λ is the frequency of the
cosine surface. The location on the film surface is described by
xΓ = (x, f +Hf ). (2.2)
2.1 Strain Energy
Strain energy is stored as a result of the lattice mismatch between the film and
substrate. This energy can be partially reduced by the formation of nanostructures
on the film (Gao, 1991; Spencer et al., 1991; Freund and Jonsdottir, 1993). When
the slope of the film surface is small, the strain energy reduction can be estimated by
the first order boundary perturbation method (Gao, 1991). The method is based on
the Muskhelishvilis (1953) complex variable potentials for two-dimensional elasticity
solutions and is accurate to the first-order of the slope of the surface. The solution
presented in this section can be applied to any smooth island shape, including cosine
curves.
By this method, the surface traction on the wavy film is approximated to be
σtt(x) = T [1− 2kA cos(kx)] , (2.3)
where T is the mismatch stress in the flat film. For elastically similar film and
substrate materials, the mismatch stress T can be obtained from the shear modulus
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µ, the Poisson’s ratio ν, and the mismatch strain εm as follows,
T = 2µ(1 + ν)εm
1− ν . (2.4)





= w0 [1− 4kA cos(kx)] , (2.5)
where w0 = (1−ν)T 2/4µ. The quantity w0 is the characteristic strain energy density
in a semi-infinite solid deformed by the stress T in the lateral direction under the
plane strain condition.
With the knowledge of the strain energy density on the wavy film surface, the
strain energy relaxation resulting from the development of the cosine surface can be
derived as
∆u2D = −w0kA2. (2.6)
The strain energy reduction in Eq. (2.6) is per unit length of the solid in the lateral
direction. This representation for the energy change is also applied to the other
types of energy discussed later in Eqs. (2.10), (2.15), and (2.16).
2.2 Surface Energy
The surface energy depends on both the total surface area as well as the surface
energy density. Clearly, the surface energy density should vary with the surface
orientation of the exposed atoms. Another concern is the dependence of the surface
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energy density on the surface strain distribution (Spencer et al., 2001; Tersoff and
Tromp, 1993; Tersoff and LeGoues, 1994; Shenoy and Freund, 2002). These issues
of the surface energy density, though important, are beyond the scope of this paper.
Of interest in this thesis is the case where the surface energy density γ is a constant,
taken to be 1 Jm−2 in the numerical results presented unless mentioned otherwise.
In such a case, the change in surface energy is solely from the change in the film
surface area due to the development of the wavy profile.





where l is the length of the 2D film surface. Subtracting the surface energy of a flat
film from Eq. (2.7) yields the change in the surface energy as the flat film transforms











To calculate the first integral, δl is approximated for small Ak as
δl = δx
√







where f ′ is the derivative of the shape function, f ′ = Ak sin(kx). Substituting
Eq. (2.9) into (2.8) yields the solution for the surface energy change per unit length
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2.3 Interaction Energy
The film-substrate interaction energy is a mechanism of the SK transition from a
stable flat film to a wavy one. It can be modelled as a special type of surface
energy with its density depending on the distance between the film surface and the




where g(z) is the interaction energy density on the film surface determined by the
interaction mechanism. By taking the quantum confinement effect as the mechanism





where g0 and ` are constants with units of energy per unit area and length respec-
tively. The quantity ` can be taken to be 1 A˚. The question now is the value for
g0. Suo and Zhang (1998) have shown that g0 ≈ 6 Jm−2 for conducting metals but
the value of g0 for dielectric or heavily doped semiconductors remains uncertain.
Based on an estimation by Chiu (2004) that g0 = 0.057 Jm
−2 in SiGe/Si systems
containing one atomic percent of donors in the film, we assume g0 = 0.0625 Jm
−2 as
the standard value for the unspecified film in this thesis.












Therefore, the change in the interaction energy per unit wavelength of the solid in
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g(Hf ) dx. (2.14)
The first integral is the interaction energy when the film is wavy and the second
integral is the interaction energy when the film is flat. By taking the approximation
in Eq. (2.9) and neglecting the higher order terms of Ak, the change in the interaction























2.4 Change in Total System Energy
Summing Eqs. (2.6), (2.10) and (2.15) yields the total energy change when the film
develops a cosine shape in the absence of an electric field,
∆etot = α0A
2, (2.16)












From the above equations, the sign of α0 indicates the thermodynamic stability of a
flat film against the development of a wavy profile. When α0 is negative, the system
energy reduces with increasing amplitude of the wavy film. On the other hand when
α0 is positive, the film remains flat because the wavy profile will increase the system
energy. The critical condition for the stability of the flat film is therefore α0 = 0.
At this point, we would like to introduce the characteristic wavelength L = γ/w0
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as one of the vital system parameters that can be controlled in SK systems. The




3.1 The Dielectric Film
Figure 3.1: A wavy surface developing on a dielectric film when an electric field is
applied between the wavy plate and the flat plate. A battery completes the circuit.
Figure 3.1 shows a heteroepitaxial film-substrate system in a vacuum environment.
A conducting electric plate is suspended above the film, while a flat conducting
layer is introduced below the dielectric wavy film to complete the capacitor. An
alternative configuration would be to use a conducting substrate instead of the
conducting layer below the film. The average separation distance between the upper
electric plate and the dielectric film is Hv. The plate-SK-plate system is attached to
a large battery to maintain a constant potential difference of Va between the base
plate and the top plate. The battery can be modeled as a capacitor with a large
18
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reservoir of charges.
To derive the electrostatic energy of the system depicted in Fig. 3.1, we first
present in section 3.1.1 the surface chemical potential on the dielectric film when
subjected to an electric field. The derivation follows closely the approach in Rice
and Drucker (1967). In section 3.1.2, the electrostatic energy is considered for the
case when the plate is flat but the film profile is a cosine wave. This is followed by
the case when the plate pattern is a cosine wave but the film is flat in section 3.1.3.
Finally, in section 3.1.4, the results of the two cases are combined to obtain the total
change in the electrostatic energy of the system. The application of the results to
the case of any smooth plate pattern and film profile is discussed later in chapter 5.
3.1.1 Surface Chemical Potential of a Dielectric Film
Before deriving the surface chemical potential, the issue of the electrostatic energy
stored in a system that includes a large battery must first be addressed. In partic-
ular, the focus here is to find the change in the electrostatic energy of the whole
system in the event of a charge transfer between the battery and the plate-SK-plate
capacitor. This transfer occurs whenever Hv changes or the film profile transforms
into another shape.
Let the total charge in the system be
Q = QB +QSK , (3.1)
where QB and QSK are respectively the charges stored in the battery and in the
plate-SK-plate capacitor. Since the battery can also be regarded as a capacitor, the
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where CB is the capacitance of the battery. The total electrostatic energy is















where Ee,B and Ee,SK are respectively the electrostatic energy of the battery and
of the plate-SK-plate capacitor. When there is any change in the film morphology,
a transfer of charges occurs between the plate-SK-plate capacitor and the battery.
However, the applied voltage remains approximately unchanged due to the charge
reservoir provided by the large battery. The resulting change in the electrostatic
energy can therefore be approximated as













Since the charge stored in the plate-SK-plate capacitor is much smaller than that
stored in the battery, the term Q−QB can be neglected in Eq. (3.8) to yield
δEe,SK = − QB
2CB
δQB. (3.9)
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δQB = −δEe,SK . (3.10)
The result indicates that the electrostatic energy change of the whole system is equal
to the negative of the electrostatic energy change of the plate-SK-plate capacitor.
The following derivations aim to solve the electrostatic energy change as a conse-
quence of a movement in the film-vacuum boundary. The electrostatic energy stored
















where we1 is the electrostatic energy density in the film, we2 is that in the vacuum,
ε1 is the permittivity of the film, ε2 is that of the vacuum, V1 is the potential in the
film, and V2 is that in the vacuum.
When the profile of the film-vacuum interface is subjected to a small variation
δf , there is a change δEe,SK in the electrostatic energy stored in the plate-SK-plate
capacitor. As demonstrated in Eq. (3.10), the change in the electrostatic energy of




we1 δf dΓx +
∫
2
we2 δf dΓx + δE
∗
e , (3.14)
where the first and second integral represent the change δE due respectively to the
variation in the film volume and in the vacuum volume. Their signs are opposite
because the volume of one medium is enlarged at the expense of shrinking the other
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where δwe1 and δwe1 are the changes in the electrostatic energy density after the




ε1∇V1 · ∇δV1 dV−
∫
2












ε2∇ · (∇V2) δV2 − ε2∇2V2 δV2
]
dV, (3.16)
From Eq. (3.16), it becomes straightforward to apply the Laplace equation ∇2V = 0




ε1∇V1 · n δV1 dΓx +
∫
2
ε2∇V2 · n δV2 dΓx
=
∫
D1n(δV2 − δV1) dΓx. (3.17)
The term (δV2 − δV1) can be rewritten by taking the condition that there is no
electric potential difference across the film-vacuum interface,
V1 + δV1 + E1nδf = V2 + δV2 + E2nδf. (3.18)
Solving Eq. (3.18) determines δV2 − δV1 to be
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Substituting Eq. (3.19) back into (3.17) gives
δE∗e =
∫ [−ε2(E22n + E22t) + ε1(E21n + E21t) + ε2E22t − ε1E21t] δf dΓx
=
∫ [−2we2 + 2we1 + (ε2 − ε1)E21t] δf dΓx. (3.20)
Therefore, the variation in the total electrostatic energy in the whole system is
δEe = −
∫ [
we2 − we1 + (ε1 − ε2)E21t
]
δf dΓx. (3.21)
From Eq. (2.1), δf can be rewritten as
δf = fˆ δA. (3.22)
It follows that the electrostatic energy change when the flat film develops a wavy
profile can be obtained by substituting Eq. (3.22) into (3.21) and then integrating





we2 − we1 + (ε1 − ε2)E21t
]
fˆ dA dΓx. (3.23)
Equation (3.23) is the basic formula for evaluating ∆Ee. To carry out the calcu-
lation, the three quantities we2, we1, and E1t are first derived in sections 3.1.2 and
3.1.3, then combined in section 3.1.4 to solve for ∆Ee .
3.1.2 Flat Plate and Wavy Film
Figure 3.2 shows a dielectric cosine wavy film between two flat electric plates. The
origin of the z-axis, unlike in chapter 2, is taken to start from the quantity Hf above
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Figure 3.2: A wavy dielectric film in between two flat electric plates.
the film-substrate interface, Hence, the location on the film surface is described by
xΓ = (x, f), (3.24)
while the location on the plate surface is described by
xE = (x, Hv). (3.25)
The electrostatic problem depicted in Fig. 3.2 is governed by the Laplace equation
in the vacuum and in the film,
∇2V = 0. (3.26)
The boundary conditions are
V1(x,−Hf ) = 0, (3.27)
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where the subscripts 1 and 2 respectively indicate the film and the vacuum, the
subscripts t and n respectively indicate the tangential and normal directions, Et is
the electric field in the tangential direction, and Dn is the electric displacement in
the normal direction.
Equation (3.29) means that the electric fields in both media should be equal in
the tangential direction on the film surface, while Eq. (3.30) means that the electric
displacements in both media should be equal in the normal direction on the film
surface. They can be rewritten into the following forms,
∇V1(xΓ) · t(xΓ) = ∇V2(xΓ) · t(xΓ), (3.31)
ε1∇V1(xΓ) · n(xΓ) = ε2∇V2(xΓ) · n(xΓ). (3.32)
When the film is flat, the electric potential on the surface of the top plate, the
film surface, and the base plate is
V1(x,−Hf ) = 0, (3.33)
V1(x, 0) = V2(x, 0) = Vf , (3.34)
V2(x,Hv) = Va. (3.35)




(z +Hf ), (3.36)




where the subscript 0 indicates the condition of a flat film. By substituting Eqs. (3.36)
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When the film profile is described by the shape equation f , the normal and









Let the electric potential in the system be expressed as
V1 = V10 + V
∗
1 , (3.42)
V2 = V20 + V
∗
2 , (3.43)
where V ∗1 and V
∗
2 are the changes in the electric potential due to the undulating film
profile. Although the potentials can typically be determined by numerical schemes
such as the finite element method, our focus is on the analytical solutions for V ∗1
and V ∗2 that are accurate to the first order of Ak. To derive the results, let ∇V1 and
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∇V2 be approximated by
∇V1|(x,f) ≈ (∇V10)|(x,f) + (∇V ∗1 )|(x,0) , (3.44)
∇V2|(x,f) ≈ (∇V20)|(x,f) + (∇V ∗2 )|(x,0) . (3.45)
Equations. (3.42–3.45) can be substituted into (3.27–3.30) to yield
V ∗1 (x,−Hf ) = 0, (3.46)




























It follows from Eqs.(3.46–3.49) that V ∗1 and V
∗
2 , accurate to the first order of the
slope, take the forms of
V ∗1 = C1B cos(kx) e
kz + C2B cos(kx) e
−kz, (3.50)
V ∗2 = C3B cos(kx) e
kz + C4B cos(kx) e
−kz. (3.51)
Employing Eqs. (3.50) and (3.51) in the four boundary conditions described by
Eqs. (3.46–3.49) yields
C1e
−kHf + C2ekHf = 0, (3.52)
C3e
kHv + C4e
−kHv = 0, (3.53)
Vf
Hf
+ C1 + C2 =
(Va − Vf )
Hv
+ C3 + C4, (3.54)
ε1(C1 − C2) = ε2(C3 − C4). (3.55)
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− Va − Vf
2Hv
)
1 + tanh(kHf )
tanh(kHf ) + (ε1/ε2) tanh(kHv)
, (3.56)









cosh(kHf ) sech(kHv) e
−k(Hf+Hv). (3.59)
Subsequently, the electrostatic energy density on the film surface can be evalu-
ated by substituting the results of V1 and V2 into Eqs. (3.12) and (3.13). After a
lengthy but straightforward calculation, the final result is found to be
we1 = we1,0 + we1,f , (3.60)




















(1 + e2kHf ) cos(kx), (3.64)
we2,f =






In this solution, the higher order terms of Ak are neglected. The quantities we1,0
and we2,0 are respectively the electrostatic energy densities in the vacuum and in
the dielectric film when the film surface is flat. The other two quantities we1,f and
we2,f represent respectively the effects of the wavy film profile on we1 and we2. As
for the term E21t in Eq. (3.23), it is obvious from Eqs. (3.50), (3.51), and (3.56–3.59)
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that E21t contains only high order terms of Ak, and can therefore be neglected in
our first order solution for ∆Ee.
3.1.3 Wavy Plate and Flat Film
Figure 3.3: A flat dielectric film between a wavy top electric plate and a flat bottom
electric plate.
Figure 3.3 shows a dielectric flat film between two electric plates. The bottom
electric plate is flat, while the top one has a cosine pattern on its surface facing the
film. The amplitude of the plate pattern is B, the wavelength is λo, and the shape
function is
P (x) = B cos(kox), (3.66)
where ko = 2pi/λo is the frequency of the cosine pattern. The location on the film
surface is described by
xΓ = (x, 0). (3.67)
while the location on the plate surface is described by
xE = (x, Hv + P ). (3.68)
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Similar to section 3.1.2, the electric potentials V1 and V2 are again expressed as
V1 = V10 + V
∗
1 , (3.69)
V2 = V20 + V
∗
2 , (3.70)
where V10, V20, and Vf are respectively defined in Eqs. (3.36), (3.37), and (3.39).
The boundary conditions are given as
V1(x,−Hf ) = 0, (3.71)
V2(x,Hv + P ) = Va, (3.72)
D1n = D2n, (3.73)
E1t = E2t. (3.74)
Substituting Eqs. (3.69) and (3.70) into (3.71–3.74) yields the following conditions
for V ∗1 and V
∗
2 ,
V ∗1 (x,−Hf ) = 0, (3.75)

























The general expressions for V ∗1 and V
∗
2 can take the forms of
V ∗1 = C5B cos(kox) e
koz + C6B cos(kox) e
−koz, (3.79)
V ∗2 = C7B cos(kox) e
koz + C8B cos(kox) e
−koz. (3.80)
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Substituting Eqs. (3.79) and (3.80) into Eqs. (3.77–3.76) yields
C5 e
−koHf + C6 ekoHf = 0, (3.81)
C7 e
koHv + C8 e
−koHv = −(Va − Vf )
Hv
, (3.82)
ε1(C5 − C6) = ε2(C7 − C8), (3.83)
C5 + C6 = C7 + C8, (3.84)
which are solved to obtain the solutions for C5 to C8,
C5 = − (Va − Vf ) e
koHf
2Hv [cosh(koHv) sinh(koHf ) + (ε1/ε2) cosh(koHf ) sinh(koHv)]
, (3.85)
C6 = −C5 e−2koHf , (3.86)




e2koHv − 1 C5, (3.87)





(1 + e−2koHf )C5 +




Substituting the coefficients C5 to C8 into Eqs. (3.12) and (3.13) determines the
electrostatic energy density at the film-vacuum boundary to be
we1 = we1,0 + we1,P , (3.89)
we2 = we2,0 + we2,P , (3.90)




(C6 − C5) cos(kox), (3.91)
we2,P =
ε2(Va − Vf )Bko
Hv
(C8 − C7) cos(kox). (3.92)
The two quantities we1,f and we2,f , respectively, represent the effects of the wavy
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electric plate on we1 and we2. Similar to section 3.1.2, Eqs. (3.79),(3.80), and (3.85–
3.88) show that E21t contains only high order terms of Ak, and can therefore be
neglected in our first order solution for ∆Ee.
3.1.4 Wavy Plate and Wavy Film
In this section, the results derived in sections 3.1.1–3.1.3 are employed to find the
change in electrostatic energy when a dielectric flat film develops a wavy profile
under a patterned plate. The procedure to obtain the perturbation solution will
not be repeated here since it is almost identical to that presented in sections 3.1.2
and 3.1.3. The electrostatic energy densities along each surface of the film-vacuum
interface, accurate to the first order of the slopes of the wavy shapes, are
we1 = we1,0 + we1,f + we1,P , (3.93)
we2 = we2,0 + we2,f + we2,P , (3.94)
where we1,0, we2,0, we1,f , we1,p, we2,f , and we2,p are given in Eqs. (3.62–3.65), (3.91),
and (3.92). Equation (3.93) indicates that the electrostatic energy density in the
case of a wavy film and a wavy plate is given by the sum of three parts: (1) the
electrostatic density we1,0 of a flat film and a flat plate, (2) the effect we1,f from the
wavy film, and (3) the effect we1,P from the wavy plate. The same interpretation
can be applied to Eq. (3.94) as well. Substituting the results of we1 and we2 into
Eq. (3.23) and integrating the result yields the electrostatic energy change due to the
development of the wavy film at the presence of a wavy electric plate. For greater
clarity, the integration of Eq. (3.23) will be performed in three separate parts,
∆Ee = ∆Ee,0 +∆Ee,f +∆Ee,P , (3.95)













[we2,P − we1,P ] cos(kx) dA dΓx, (3.98)
where the higher order terms of Ak are ignored.
Integrating Eq. (3.97) yields
∆Ee,f = −ε1VapiA
2C3 (1− ε2/ε1) (1 + e2kHv)
2 [Hf + (ε1/ε2)Hv]
, (3.99)
which can be further simplified by expanding the expression for C3 and dividing by









tanh(kHv) + (ε2/ε1) tanh(kHf )
, (3.100)









In the case of Eq. (3.98), it is clear that ∆Ee,P is non-zero only if k = ko. In
other words, the wavy plate pattern can only influence the formation of a wavy film
profile with the same wavelength as that on the plate. The energy change ∆Ee,P of
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− C7 + C8
e2kHv
)
, if k = ko,
0, otherwise.
(3.102)
Substituting the expressions for C5 to C8 into Eq. (3.102) and dividing the result




−we0AB k csch(kHv) (1− ε2/ε1) coth(kHf )
coth(kHf ) + (ε2/ε1) coth(kHv)
, if k = ko,
0, otherwise.
(3.103)
To find the change in electrostatic energy when a flat dielectric film develops a
wavy profile under the influence of a patterned upper plate, Eqs. (3.100) and (3.103)






− A2 (1− ε2/ε1)
2
tanh(kHv) + (ε2/ε1) tanh(kHf )
+2AB
(1− ε2/ε1) coth(kHf ) csch(kHv)
coth(kHf ) + (ε2/ε1) coth(kHv)
]
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Figure 3.4: A wavy surface developing on a conducting film when an electric field is
applied between the wavy plate and the flat plate. A battery completes the circuit.
3.2 The Conducting Film
Figure 3.4 shows a conducting wavy film on a substrate with a wavy plate above the
film. Other than the lack of a base plate and the direct connection of the battery
to the conducting film, this system is virtually identical to that shown in Fig. 3.1.
The electrostatic energy of the system can be derived in a process similar to that
shown in sections 3.1.1–3.1.4. In particular, Eq. (3.23) can be applied here as well.
However, since no electrostatic energy is stored in the conducting film, we1 and E
2
1t
can be taken as zero. Therefore, the integral to calculate the electrostatic energy




we2 fˆ dA dΓx. (3.105)
3.2.1 Flat Plate and Wavy Film
Figure 3.5 shows a flat conducting electric plate above a cosine wavy film. The
system depicted in Fig. 3.5 is identical to that in Fig. 3.2 except that the battery is
attached to a bottom electric plate in the earlier case.
The governing equation is ∇2V = 0, and the boundary conditions for the electric
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Figure 3.5: A wavy conducting film under a flat electric plate.
potential V in the system are
V (xE) = Va, (3.106)
V (xΓ) = 0. (3.107)
The electric potential for a flat film system is found to be
V0 = Eaz, (3.108)
where Ea = Va/Hv is the electric field. For a wavy film system, let the electric
potential take the form
V = V0 + V
∗
1 , (3.109)
where the quantity V ∗1 represents the effect of the film shape on the electric potential.
Substituting Eq. (3.109) into (3.106) and (3.107) yields
V ∗1 (x
E) = 0 , (3.110)
V ∗1 (x
Γ) = −EaA cos(kx) . (3.111)
CHAP. 3: THE ELECTROSTATIC ENERGY 37
It can be deduced that V ∗1 takes the form
V ∗1 (x) = Eav(z)A cos(kx), (3.112)







A cos(kx) = 0 . (3.113)







Equation (3.114) suggests that V ∗1 takes the form
V ∗1 = C1e
kzA cos(kx) + C2e
−kzA cos(kx) , (3.115)
where C1 and C1 are constants which are solved using the boundary conditions
expressed in Eqs. (3.106) and (3.107),
C1 =
Ea
e2kHv − 1 , (3.116)
C2 = − Eae
2kHv
e2kHv − 1 . (3.117)
From these expressions for C1 and C2, Eq. (3.112) becomes
V ∗1 =
ek(2Hv−z) − ekz
1− e2kHv EaA cos(kx), (3.118)
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which is substituted into Eq. (3.109) to yield
V (x) = Ea
[





When the slope of the wavy surface is small, the effect of the surface on the
electric field can be approximated to be localized at the film surface. The electric



















= Ea [1 + Ak cos(kx) coth(kHv)] . (3.122)
Accurate to the first order of Ak, the electrostatic energy density between the film















where the first term in the Eq. (3.123) is the electrostatic energy density in the
vacuum when the film is flat, and the second term represents the effect of the wavy
film profile on the electrostatic energy density.
3.2.2 Wavy Plate and Flat Film
Figure 3.6 shows a cosine wavy electric plate with a wavelength λo above a flat film
with the system being attached to a battery. The system depicted in Fig. 3.6 is
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Figure 3.6: A flat conducting film under a wavy electric plate.
identical to that in Fig. 3.3 except that the battery is attached to a bottom electric
plate in the earlier case.
The electrostatic energy of the system with a patterned electric plate is similar
to that in section 3.2.1. Therefore, the potential V is also governed by the Laplace
equation and the boundary conditions for V are V (xΓ) = 0 and V (xE) = Va in
Eqs. (3.106) and (3.107).
The electric potential can be expressed as
V (x) = V0 + V
∗
1 , (3.125)
where V0 = Eaz and V
∗
1 represents the effect of the electric plate pattern on the
electric potential. Substituting Eqs. (3.106) and (3.107) into (3.125) yields the
boundary conditions for V ∗1 .
V ∗1 (x
E) = −EaB cos(kox), (3.126)
V ∗1 (x
Γ) = 0. (3.127)
Likewise to Eq. (3.112), V ∗1 is deduced to take the form
V ∗1 (x) = Eav(z)B cos(kox). (3.128)
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B cos(kox) = 0, (3.129)







from which the expression V ∗1 = C1e
kozB cos(kox) + C2e
−kozB cos(kox) can be ob-
tained, similar to Eq. (3.115). The constants C1 and C2 can be solved by employing
the boundary conditions in Eqs. (3.126) and (3.127) to yield
C1 = − Eae
koHv




e2koHv − 1 . (3.132)
From the solutions of C1 and C2, the expression for V
∗
1 becomes
V ∗1 = −
eko(Hv+z) − eko(Hv−z)
e2koHv − 1 EaB cos(kox), (3.133)
which is substituted into Eqs. (3.125) and (3.128) to yield
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Neglecting the higher order terms of Bko, the electrostatic energy density just above










= we0 − we04Bko cos(kox) e
koHv
ekoHv − 1 , (3.137)
where the first term we0 is defined in Eq. (3.124), and the second term represents
the first order effect of the plate pattern on the electrostatic energy density.
3.2.3 Wavy Plate and Wavy Film
We have obtained the change in the electrostatic energy density in the case of
a flat plate over a wavy film and in the case of a wavy plate over a flat film.
Similar to section 3.1.4, Eqs. (3.137) and (3.123) can be superimposed to determine
the electrostatic energy density when a flat film develops a wavy profile under the
influence of a pre-patterned electric plate, accurate to the first order of the slopes
of the surface shapes.
we2 = we0
[










A cos(kx) + A2k cos2(kx) coth(kHv)
−4ABko e
koHv
e2koHv − 1 cos(kox) cos(kx)
]
dx. (3.139)
The first term of Eq. (3.139) represents from the electrostatic density when the film
is flat and is therefore zero. The second term represents the effect of the wavy film
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profile. The third term of the equation represents the effect of the plate pattern.
Similar to Eq. (3.103), the third term is non-zero only when k = ko. Integrating
Eq. (3.139) and dividing the result by the wavelength λ gives the electrostatic energy












An alternate approach to derive ∆ee for the case of the conducting film is to
take the limit ε2/ε1 ¿ 1 for the dielectric solution expressed in Eq. (3.104). This
approach converges to the same result as shown in Eq. (3.140), affirming that the
dielectric solution of section 3.1.2 is correct.
Chapter 4
Stability Analysis of Films under
an Electric Field
4.1 Stability Analysis of Conducting Films
In this section, we study the thermodynamic stability of a conducting film against
surface undulation under the influence of an electric field. Section 4.1.1 gives an
analysis of the film stability when the electric plate above the film is flat. Sec-
tion 4.1.2 includes the effect of a wavy plate pattern in the analysis of the film
stability. Of particular interest here is the influence of the key parameters of the
system on the film stability, namely L, Hf , Hv, and we0. These parameters can
be easily controlled under typical experimental conditions. The remaining system
parameters affecting the film stability in our model are γ and g0. In spite of their
significance, understanding of these parameters has been limited in the literature.
For simplicity, the following parameters are fixed unless specified otherwise in our
results presented here: γ = 1Jm−2, g0 = 0.0625 Jm−2 and ` = 1 A˚.
43
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4.1.1 Stability of the Film under a Flat Plate
By combining Eqs. (2.16) and (3.140) and taking B = 0 for the case where the plate
is flat, the change in the total energy when a flat film forms a cosine wave under the
flat plate can be found to be
∆etot = αA
2, (4.1)














The total system energy is proportional to A2, and whether ∆etot increases or de-
creases with A is determined by α. When α(k) > 0, the flat film is stable against
surface undulation of the frequency k. When α(k) < 0, the film is unstable against
increasing amplitude of the wavy profile at frequency k. It follows that for a flat film
to remain stable against surface undulation of any frequency, α must be positive for
all k.
Figure 4.1: The behavior of α with k when (a) Hf is varied, and (b) Hv is varied. In
part (a), Hv is fixed at 12 nm and the critical film thickness is Hf,cr = 7.22 A˚. In part
(b), Hf is fixed at 6 A˚ and the critical film-plate separation Hv,cr is 4.06 nm. The
remaining system parameters are held constant at L = 25nm and we0/w0 = 2.5.
Figure 4.1 shows the variation of α with k at different values of Hf and Hv for
the case where L = 25nm and we0/w0 = 2.5. In part (a), Hv is fixed at 12 nm,
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while Hf is 6 A˚, 7.22 A˚, and 9.03 A˚ respectively for the top, middle, and bottom
curves. The result indicates that α > 0 for all k in the highest curve. Increasing
Hf causes the curve to descend, and at a critical film thickness Hf,cr, the minimum
of the curve intercepts the dotted line α = 0, as demonstrated by the middle curve.
With further increase in Hf , the bottom curve indicates that a range of k exists
in which α is negative. The three curves show that the flat film is stable against
surface undulation when Hf is less than the critical thickness Hf,cr and becomes
unstable once Hf exceeds Hf,cr. The critical film thickness is given by the condition
αmin(Hv,cr, Hf,cr) = 0, (4.3)
where αmin(Hf , Hv) is defined as the smallest value of α over the axis of k for a
given set of Hf and Hv.
Part (b) of Fig. 4.1 takes the perspective where Hf is held constant at 6 A˚ to
study the critical condition of Eq. (4.3). The value of Hv is 12 nm, 4.06 nm, and
2.44 nm respectively for the top, middle, and bottom curves. The result indicates
that α > 0 for all k in the highest curve where Hv is the largest. The curve descends
with decreasing Hv until its minimum point intercepts the dotted line α = 0 at a
critical plate height Hv,cr, as demonstrated by the middle curve. As the bottom
curve shows, further decrease in Hv leads to a range of k where α is negative. The
three curves show that the flat film is stable against surface undulation when Hv
is larger than the critical plate height Hv,cr and becomes unstable once Hv is lesser
than Hv,cr. The critical plate height can be found from solving Eq. (4.3).
Behavior of Critical Film Condition
The critical film thickness Hf,cr is an important parameter that warrants further
investigation, especially with regard to its relation to Hv. From Eq. (4.2), consider
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Both equations take the form of a quadratic expression ak2+ bk+ c. Therefore, the
















where wˆe0 = we0/w0, L = γ/w0, and gˆ0 = g0/γ. The quantity Hf,cr1 denotes the
critical film thickness when kHv ¿ 1. Likewise, Hf,cr2 denotes the critical film
thickness as when kHv À 1. Equations (4.6) and (4.7) and show that the critical
film thickness is proportional to H
1/3
v when Hv is small but eventually approaches
a constant Hf,cr2 as Hv increases.
Figure 4.2 plots Hf,cr as a function of Hv given different values of L and we0. In
part (a), the solid line is the numerical solution that satisfies αmin(Hv,cr, Hf,cr) = 0
when we0 = 10
8 Jm−3 and L = 25nm. The film is stable against surface undulation
in the regime below the solid line, and is unstable above it. At Hv = 0, the critical
film thickness is zero. As Hv increases, the thickness Hf,cr increases and approaches
a constant. It should be mentioned that although the effect from the presence of
the electric plate becomes negligible with increasing Hv, the effect from the electric
field strength itself is not affected as we0 is fixed. The curve will rise with decreasing
we0 as the surface profile can remain stable at larger film thicknesses when the
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Figure 4.2: The critical condition for α = 0 is plotted against Hf and Hv when (a)
L = 25nm, and (b) L = 100 nm. The dotted line in both graphs satisfies α = 0
when we0 = 0. The solid line in both graphs satisfies α = 0 when we0 = 10
8 Jm−3.
destabilizing electric field is lessened. When we0 is zero, the parameter Hv has no
effect on the critical film thickness for surface undulation. The critical condition
α(Hf,cr) = 0 for we0 = 0 is depicted in Fig. 4.2 by the horizontal dotted line.
Part (b) of Fig. 4.2 plots similar curves as part (a), except that L = 100 nm
instead. The result is a higher Hf,cr than that in part (a). This behavior matches
our expectations from Eqs. (4.6) and (4.7) that Hf,cr increases with L.
Contour Plots Concerning the Film Stability
In this section, a parametric study of α is conducted. The focus is on the parameters
Hv, Hf , we0, and w0 which are relatively easier to control during fabrication than
the surface energy density and the interaction energy density constant g0.
Figure 4.3 plots contours of α against wˆe0 and k. The value of each contour line
is on the order of 1015 Jm−4. Part (a) is taken to be the base case with Hv = 10nm,
Hf = 6 A˚, L = 25nm, and g0 = 0.0625 Jm
−2. Parts (b–e) respectively show the
results when one of the parameters Hv, Hf , L, and g0 is changed. More specifically,
Hv = 20nm in (b), Hf = 7 A˚ in (c), L = 21nm in (d), and g0 = 6Jm
−2 in (e).
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Figure 4.3: The contours of α are plotted against k and wˆe0. The value of each con-
tour line is on the order of 1015 Jm−4. Part (a) acts as a baseline for our parametric
study, using Hv = 10nm, Hf = 6 A˚, L = 25nm and g0 = 0.0625 Jm
−2. In part (b),
Hv is changed to 20 nm. In part (c), Hf is changed to 7 A˚. In part (d), L is changed
to 21 nm. In part (e), g0 is changed to 6 Jm
−2.
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Comparing (b) to (a), doubling Hv allows the film to remain stable at higher we0.
Comparing (c) to (a), a thicker film decreases the stability of the film against surface
undulation. Comparing (d) to (a), the decrease in L reduces the film stability.
Finally, a comparison between (e) and (a) shows that the hundred fold increase in
g0 has resulted in a significant increase in the range of wˆe0 and k where the film is
stable.
The effects of the parameters Hv, Hf , L, and g0 can be understood as follows.
For part (b), the physical proximity of the electric plate can boost the destabilizing
effect on the film even when the electric field strength Ea is fixed for a given we0.
With increasing separation from the film, the proximity effect of the electric plate
diminishes until there remains only the destabilizing effect from a uniform electric
field at Hv →∞. Regarding Hf in part (c), a thicker film consists of surface atoms
that are further from the interface. As a result, the surface of thicker films are
not as restricted by the wetting tendency and are more likely to develop surface
undulation to reduce the strain energy. It follows then that the decrease of L in
part (d) will reduce the stability of the flat film as a direct consequence of the larger
strain energy. Concerning g0 in part (e), the explanation is very similar to part
(c). Basically, an increase in g0 means a greater wetting strength of the film on the
substrate. As a result, the film becomes more stable against surface undulation.
Figure 4.4 plots contours of α against Hv and k. The value of each contour line
is on the order of 1015 Jm−4. Similar to Fig. 4.3, part (a) is the base case with
wˆe0 = 2.5, Hf = 6 A˚, L = 25nm, and g0 = 0.0625 Jm
−2. The parameters changed
are we0/w0 = 3 in (b), Hf = 7 A˚ in (c), L = 21nm in (d), and g0 = 6Jm
−2 in (e).
Comparing (b) to (a), increasing we0 makes the film less stable. Therefore a largerHv
is needed to maintain a positive α. Comparing (c) to (a), increasing Hf has a similar
effect as increasing we0. Comparing (d) to (a), the decrease in L causes the α = 0
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Figure 4.4: The contours of α are plotted against k and Hv. The value of each con-
tour line is on the order of 1015 Jm−4. Part (a) acts as a baseline for our parametric
study, using wˆe0 = 2.5, Hf = 6 A˚, L = 25nm and g0 = 0.0625 Jm
−2. In part (b),
wˆe0 is changed to 3. In part (c), Hf is changed to 7 A˚. In part (d), L is changed to
21 nm. In part (e), g0 is changed to 6 Jm
−2.
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contour line to move downwards, indicating a less stable film. Finally, a comparison
between (e) and (a) suggests that the much higher film-substrate interaction has
improved the wetting of the film and increased the film stability. Furthermore,
when Hv is above 6 nm in part (e), the film stability is almost invariant within the
range of k illustrated.
The effect of a change in we0 is obviously a direct result of the increase in the
electric field strength. The effects from changing L, Hf , and g0 have already been
discussed in our analysis of Fig. 4.3 and will not be delved into further. In summary,
the stability of the film against surface undulation can be improved by a weaker
electric field, a larger separation between the plate and the film, a lower mismatch
strain, a thinner film, and a stronger film-substrate interaction.
4.1.2 Stability of the Film under a Wavy Plate
After examining in section 4.1.1 the stability of a conducting film when the upper
electric plate is flat, the film stability under a wavy upper electric plate is considered
in this section. The schematic diagram of the system is depicted earlier in Fig. 3.4.
The effect from the wavy electric plate was derived in Eq. (3.140). Of particular
importance in the result is that the plate pattern is only found to affect the film
stability against surface undulation when the wavelength of the undulation matches
the wavelength on the plate. Accordingly, the total energy change of the system as
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where α is defined earlier in Eq. (4.2) and β represents the effect of the plate pattern
on the film. For a better understanding, a schematic representation of Eq. (4.8) for
Figure 4.5: The schematic behavior of ∆etot with the wavy amplitude A for a given
frequency. Part (a) shows the case when k 6= ko and α > 0, for which the flat film is
stable against surface undulation of any amplitude. Part (b) shows the case when
k = ko and α > 0, for which an equilibrium amplitude Aeq = −βB/α exists between
A = 0 and A = −2βB/α.
a given frequency is depicted in Fig. 4.5. Part (a) shows the case when k 6= ko and
α > 0. The flat film in part (a) is stable against surface undulation of any amplitude,
indicating that any surface undulation where k 6= ko is not possible when α > 0.
Part (b) shows the case when k = ko and α is positive. As depicted in the part (a),
an equilibrium state exists between A = 0 and A = −2βB/α. The equilibrium film




As indicated earlier in Eq. (4.9), the value of β is always positive. Thus, Aeq is
opposite in sign to B. In other words, the film surface will develop into a ”mirror
reflection” of the cosine plate pattern. Figure 4.5 also shows that the formation of
the wavy film encounters no energy barrier as it grows from A = 0 to A = Aeq.
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The relation between the equilibrium film amplitude and the amplitude of the







However, it should be noted that Req becomes meaningless when α < 0, or equiv-
alently, when Req is negative for the case of a conducting film. This is evident by
substituting a negative α into Eq. (4.8), upon which we find that no equilibrium
state can exist.
Figure 4.6: A 2D cosine is electromolded onto the film by a patterned plate. The
system parameters used are L = 25nm, Hf = 6 A˚, we0 = 2 × 107 Jm−3, and Hv =
12nm. The plate pattern and the film profile have the same wavelength of 40 nm.
The equilibrium film amplitude |Aeq| = 7.0 A˚ and the plate amplitude |B| = 20 A˚.
Figure 4.6 shows an example of the equilibrium film profile under a cosine-
patterned electric plate. The parametric values are L = 25nm, Hf = 1nm,
we0 = 2 × 107 Jm−3, Hv = 12nm, and |B| = 20 A˚. The wavelength of the film
is λ = 40nm, controlled by the wavelength of the patterned plate. The equilibrium
amplitude Aeq of 7.0 A˚ is dependent on B and the system parameters. It is therefore
concluded that a patterned electric plate can trigger and control the formation of
equilibrium islands on a conducting film. This effect is termed “electromolding”.
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Contour Plots of the Amplitude Ratio
Figure 4.7: Contours of Req are plotted against k and wˆe0. Part (a) acts as the
baseline in this parametric study, using Hv = 10nm, Hf = 6 A˚, g0 = 0.0625 Jm
−2,
and L = 25nm. In part (b), Hv is changed to 20 nm. In part (c), Hf is changed to
7 A˚. In part (d), L is changed to 21 nm. In part (e), g0 is changed to 6 Jm
−2.
Figures 4.7 and 4.8 plot contours of Req against axes of wˆe0, Hv and k. Part (a) of
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Figure 4.8: Contours of Req are plotted against k and Hv. Part (a) acts as the
baseline in this parametric study, using wˆe0 = 2.5, Hf = 6 A˚, g0 = 0.0625 Jm
−2, and
L = 25nm. In part (b), wˆe0 is changed to 3. In part (c), Hf is changed to 7 A˚. In
part (d), L is changed to 21 nm. In part (e), g0 is changed to 6 Jm
−2.
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each figure acts as the baseline against which parts (b) to (e) are compared. Part (a)
of Fig. 4.7 is calculated with Hv = 10nm, Hf = 6 A˚, g0 = 0.0625 Jm
−2, L = 25nm.
With regard to Fig. 4.7, Hv is changed to 20 nm in part (b); Hf is changed to 7 A˚ in
part (c); L is changed to 21 nm in part (d); g0 is changed to 6 Jm
−2 in part (e). Part
(a) of Fig. 4.8 is calculated with wˆe0 = 2.5, Hf = 6 A˚, g0 = 0.0625 Jm
−2, L = 25nm.
With regard to Fig. 4.8, wˆe0 is changed to 3 in part (b); Hf is changed to 7 A˚ in
part (c); L is changed to 21 nm in part (d); g0 is changed to 6 Jm
−2 in part (e).
Comparing parts (b) and (a) in Fig. 4.7, the doubling of Hv has decreased Req.
The value of Req is reduced because the effect of the plate pattern on the electric
field above the film surface decays rapidly with increasing film-plate separation. It
follows that the strengthening of the electric field by increasing we0 in part (b) of
Fig. 4.8 will increase Req instead.
On the other hand, an increase in Req is observed when Hf is raised from 6 A˚ to
7 A˚ in part (c) of Figs. 4.7 and 4.8. This is due to the decreased film-substrate
interaction that limits the response of the film to the wavy electric plate. Similarly,
decreasing L in part (d) of each figure reduces the film stability, thus causing Req
to increase.
Finally, we consider how the film behaves when g0 = 6Jm
−2 in part (e) of
Figs. 4.7 and 4.8. This value has been shown by Suo and Zhang (1998) to apply
for metal conducting films. With the increased g0, our results show a significant
improvement in the stability of the film against the electric field. However, it would
be presumptuous to use g0 = 6Jm
−2 in all our analysis on conducting films when it
is semiconductors that dominate the electronics industry. The electrical conduction
in semiconductors is intrinsically different from metals. Even by doping heavily to
raise its conductivity up on par with that of a conducting metal, it is hard to say
for certain if g0 is proportionately raised as well. Therefore, we shall continue using
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the more conservative g0 = 0.0625 Jm
−2 as the standard for our analysis.
Time Dependence in the Development of the Film Morphology
In this section, we briefly examine how the wavy surface profile forms under the
mechanism of surface diffusion (Asaro and Tiller, 1972; Srolovitz, 1989; Grinfeld,
1993; Freund and Jonsdottir, 1993; Zhang and Srolovitz, 2004). Accurate to the
first order of the slope of the film surface, the morphological evolution of the film












where t is time, χ is the surface chemical potential, Ω is the atomic volume, ρs is
the surface atomic density of mobile atoms, Ds is the surface diffusion coefficient,
T is the temperature, and kb is the Boltzmann constant at kb = 1.38× 10−23JK−1.
The surface chemical potential can be expressed as
χ = µ0 + Ω
[





where µ0 is the chemical potential of the film without any stress or electric field,
and κ is the surface curvature. Equation (4.14) can be rewritten as
χ = µ0 + Ω(w0 + we0) + 4Ω(αA+ βB) cos(kx). (4.15)
The first two terms in Eq. (4.15) together represent the surface chemical potential
when the film is flat. The last term represents the effect of the film profile and of the
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= −4ΩCsk2(αA+ βB), (4.16)
which can be solved to obtain,
A(tˆ) = Aeq + [A(t = 0)− Aeq] e−tˆ, (4.17)
where tˆ is the time normalized by the characteristic time tl for the present system,











The amplitude ratio as a function of time can be defined as R(tˆ) = −A(tˆ)/B. From




= 1− e−tˆ. (4.21)
Accordingly, the normalized time becomes
tˆ(Rˆ) = − log(1− Rˆ). (4.22)
While Eqs. (4.21) and (4.22) gives us a good idea of the film development with
time, more quantitative data can be provided in the form of the characteristic dif-
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The characteristic diffusion length provides a useful indication of the distance over
which the surface diffusion can reach at the time scale of the surface undulation
process.
Figure 4.9: Contours of the characteristic diffusion length L are calculated for the
case where L = 25nm, Hf = 6 A˚, ρs = 20.3 atoms nm
−2, Ω = 6.8 A˚3, and λ = 40nm.
The contour values are on the order of 10−7m. In part (a), the contours of L is
plotted against k and T when wˆe0 = 2.5 and Hv = 10nm. Part (b) plots the L
contours against k and wˆe0 when T = 873K and Hv = 10nm. Part (c) plots the L
contours against k and Hv when T = 873K and wˆe0 = 2.5.
Figure 4.9 plots the contours of the characteristic diffusion length L for the case
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where L = 25nm, Hf = 6 A˚, ρs = 20.3 atoms nm
−2, Ω = 6.8 A˚3, and λ = 40nm.
Part (a) shows the dependence of L on k and T when wˆe0 = 2.5 and Hv = 10nm.
Expectedly, the diffusion length increases with temperature T , and decreases with
increasing frequency k.
Part (b) of Fig. 4.9 plots the L contours against k and wˆe0 when T = 873K and
Hv = 10nm. The result indicate that L increases with increasing wˆe0. However,
this trend is no longer applicable above a critical value wˆe0,cr. The reasoning can be
found in the analysis of Eq. (4.8) where it is shown that the film has no equilibrium
amplitude in the range of k where α < 0. Therefore, the film is unaffected by the
pattern on the plate and surface undulation will develop within the range of k where
α < 0. The amplitude of this undulation cannot be controlled. The critical value
wˆe0,cr is given by the minimum of the infinity contour line.
Part (c) of Fig. 4.9 plots the L contours against k and Hv when T = 873K and
wˆe0 = 2.5. The result indicates that L decreases with increasing Hv, and approaches
a constant at large Hv. The maximum of the infinity contour line gives the critical
plate height Hv,cr, below which the plate is so close to the film that α is negative
within a range of k; see section 4.1.1.
4.2 Stability Analysis of Dielectric Films
In this section, we study the stability of the dielectric film under the influence of
an electric field. Section 4.2.1 investigates the film stability when the electric plate
above the film is flat. Section 4.2.2 includes the effect of a wavy pattern on the plate
in the analysis of the film stability. Of particular interest here is the influence of the
key parameters of the system on the film stability, namely ε1, ε2, Hf , Hv, L, and
we0. These parameters are more likely to be adjusted under typical experimental
CHAP. 4: STABILITY ANALYSIS OF FILMS UNDER AN ELECTRIC FIELD 61
conditions. The remaining system parameters affecting the film stability are γ and
g0. In spite of their significance, understanding of these parameters has been limited
in the literature. For simplicity, the following parameters are fixed unless specified
otherwise in our results presented here: γ = 1Jm−2, g0 = 0.0625 Jm−2 and ` = 1 A˚.
4.2.1 Stability of the Film under a Flat Plate
From Eqs. (2.16) and (3.100), the total change in energy when a flat film forms a
cosine wave under the influence of a flat electric plate is
∆etot = αA
2, (4.24)














tanh(kHv) + (ε2/ε1) tanh(kHf )
. (4.25)
This expression of ∆etot is basically identical to Eq. (4.1); therefore, α > 0 is again
the criteria for the film stability. The value of α depends on the ratio ε2/ε1 between
the permittivity of the film and of the medium between the film and the plate.
The ratio ε2/ε1 is smaller than 1 when a vacuum exists between the film and
the suspended electric plate. In the case of a conducting film, the ratio ε2/ε1 is
zero. The regime ε2/ε1 > 1 can be achieved by filling the vacuum space with some
dielectric liquid satisfying the condition ε2 > ε1. Unlikely though this may seem, it
is a rather intriguing situation that is worthy of at least a theoretical investigation.
Figure 4.10 plots the variation of α with ε2/ε1, taking wˆe0 = 2.5, Hv = 10nm,
λ = 60nm and L = 25nm. The result shows α increasing with the ratio ε2/ε1
in the regime 1 > ε2/ε1 > 0, indicating that dielectric films are more stable than
conducting films against the influence of the electric field. The curve reaches its
maximum point at ε2/ε1 = 1 where the electric field has no effect on the film.
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Figure 4.10: The film stability as represented by α is plotted against ε2/ε1, taking
wˆe0 = 2.5, Hv = 10nm, λ = 60nm and L = 25nm.
For systems where a dielectric liquid has occupied the vacuum space, the regime
of ε2/ε1 > 1 in the figure indicates that the film stability decreases with increasing
ε2/ε1 until α = 0 at a critical ratio εˆcr = 2.45.
Some clarification may be required regarding the physical implications of ε2/ε1 =
1. In this hypothetical case, the film and the liquid are equivalent to a continuous di-
electric medium. The perturbation of the film surface therefore produces no change
in the electrostatic energy; the total energy change consists only of the strain energy,
surface energy and interaction energy which are independent of the dielectric con-
stant; see Eq. (4.25). As a result, the value of α is always a maximum at ε2/ε1 = 1.
Contours Plots Concerning the Film Stability
In this section, the focus is on the dependence of α on ε2/ε1. A simple example was
presented earlier in Fig. 4.10 which showed that the film is stable against surface
undulation of wavenumber k when ε2/ε1 is lesser than a critical value εˆcr. Evidently,
when ε2/ε1 < εˆcr is satisfied for all k, the film is stable against any surface undulation
mode.
Figure 4.11 shows the contours of εˆcr for the case whereHf = 6 A˚ and L = 25nm.
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Figure 4.11: The contour plots of εˆcr are shown with the common parametric values
of Hf = 6 A˚ and L = 25nm. The remaining parameter is wˆe0 = 2.5 in part (a) and
Hv = 10nm in part (b).
In part (a), Hv = 10nm is taken and the εˆcr contours are plotted against k and wˆe0.
The result indicates that for a given wˆe0, a minimum value of εˆcr exists for some
value of k. This minimum is denoted as εˆcr,min and the criteria for the film stability
becomes ε2/ε1 < εˆcr,min. From the contour plot, εˆcr,min decreases with increasing
wˆe0 but this decrease slows as wˆe0 becomes larger. Therefore εˆcr,min is unlikely to
be a major problem for film-vacuum systems where ε2/ε1 < 1 are the convention.
In part (b) of Fig. 4.11, wˆe0 = 2.5 is taken and the εˆcr contours are plotted
against k and Hv. The result indicates ε2/ε1 can be very small at low Hv. With
increasing Hv, εˆcr,min increases rapidly at first, then slows to a constant as Hv →∞.
Figure 4.12 illustrates the variation of εˆcr,min with wˆe0 in part (a), and with Hv
in part (b). In particular, two εˆcr,min values can exist. The smaller εˆcr,min value
corresponds to the first root of α(ε2/ε1) = 0, while the larger εˆcr,min value is the
second root; see Fig. 4.10. Only the positive roots are plotted in Fig. 4.12.
In part (a) of Fig. 4.12, the abscissa is wˆe0 and Hv is 10 nm. The shaded region is
where α < 0 and the flat film is unstable. The unshaded region is where α > 0 and
the flat film is stable. The boundary between the two regions is defined by the two
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Figure 4.12: The variation of εˆcr,min with the electrical parameters is plotted, given
L = 25nm and Hf = 6 A˚. In part (a), the abscissa is wˆe0 and Hv is 10 nm. In part
(b), the abscissa is Hv and wˆe0 is 2.5.
εˆcr,min curves. Of particular interest is that the two curve approach εˆcr,min = 1, but
since we0 has no effect when ε2/ε1 = 1, therefore the two εˆcr,min curves can never
meet at εˆcr,min = 1.
In part (b) of Fig. 4.12, the abscissa is Hv and wˆe0 is 2.5. The result is similar
to that in part (a). At infinite Hv, the higher curve approaches εˆcr,min = 2.208.
Figure 4.13: The contours of Hf,cr in Angstrom are shown for the case where L =
25nm. In part (a), Hv is 10 nm. In part (b), wˆe0 is 2.5.
Figure 4.13 shows the contours of Hf,cr in Angstrom. The length Hf,cr is the
critical film thickness as was discussed earlier in section 4.1.1.
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In part (a), the Hf,cr contours are plotted against ε2/ε1 and wˆe0, taking Hv =
10nm and L = 25nm. The contours show that the film stability is lower at small
ε2/ε1 or large ε2/ε1, requiring a thinner film to be stable against the electric field.
The film stability is highest at ε2/ε1 = 1. With respect to wˆe0, the critical film
thickness is highest when wˆe0 is small, then decreases as wˆe0 increases.
In part (b), the Hf,cr contours are plotted against ε2/ε1 and Hv, taking wˆe0 = 2.5
and L = 25nm. The critical film thickness is lowest when Hv is small. As Hv
increases, the critical film thickness increases as well and approaches a constant at
large Hv.
Figure 4.14: The contours of α are shown in three plots with the common parametric
values of Hf = 6 A˚ and L = 25nm. The value of each contour line is on the order
of 1015 Jm−4. In part (a), wˆe0 = 2.5 and Hv = 10nm. In part (b), Hv = 10nm and
λ = 60nm. In part (c), wˆe0 = 2.5 and λ = 60nm.
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Figure 4.14 shows three contour plots of α when Hf = 6 A˚ and L = 25nm. The
value of each contour line is on the order of 1015 Jm−4.
In part (a) of Fig. 4.14, the α contours are plotted against ε2/ε1 and k, taking
wˆe0 = 2.5 and Hv = 10nm. In the regime ε2/ε1 < 1, the smallest value of α is at
a finite k and ε2/ε1 = 0, confirming our observation in Fig. 4.10 that a conducting
film is less stable than a dielectric one. With increasing ε2/ε1, the film stability
increases and reaches a maximum at ε2/ε1 = 1 where the effect of the electric
field is absent. Beyond ε2/ε1 = 1, the electric destabilization resumes and the film
stability decreases with increasing ε2/ε1. The contours are almost symmetric with
respect to the line ε2/ε1 = 1. This is due to the term (1− ε2/ε1)2 in the expression
of α in Eq. (4.25). The symmetry is however imperfect as the denominator of α
contains a ε2/ε1 term as well. In addition, it is observed in part (a) that α initially
decreases with k to a minimum value, then increases with k beyond the minimum
point. The variation of α with ε2/ε1 is further confirmed in parts (b) and (c),
where part (b) plots the contours of α against ε2/ε1 and wˆe0 when Hv = 10nm
and λ = 60nm, and part (c) plots the contours of α against ε2/ε1 and Hv when
wˆe0 = 2.5 and λ = 60nm. Furthermore, part (b) shows that α decreases with wˆe0
until α < 0 when we0 exceeds a critical value. In part (c), the flat film is unstable
when Hv is below a critical value. Above the critical value of Hv, α increases with
Hv and approaches a constant.
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4.2.2 Stability of the Film under a Wavy Plate
Combining Eqs. (4.24) and (3.104), the total change in energy when a flat film forms
a cosine wave under the influence of a cosine-patterned plate is
∆etot = αA
2 + 2βAB, (4.26)
β = we0kAB
(1− ε2/ε1) coth(kHf ) csch(kHv)
coth(kHf ) + (ε2/ε1) coth(kHv
). (4.27)
where α is defined earlier in Eq. (4.25) and β represents the effect from the plate
pattern. Equation (4.26) is identical to the case of the conducting film expressed in
Eq. (4.8). Therefore, a flat film can develop an equilibrium wavy profile if α > 0 for
all k. The equilibrium amplitude remains Aeq = −βB/α.
The major difference between a conducting and a dielectric film is the sign of the
quantity β. While β is positive for all conducting films, the sign of β for dielectric
films depends on the ratio ε2/ε1. If ε2/ε1 < 1, then β is positive, and the situation
is similar to the conducting film. On the contrary, if ε2/ε1 > 1, then β is negative,
and Req = β/α will be negative. In such a case, the peaks of the film align with the
valleys of the plate pattern. The situation is depicted in Fig. 4.15
Figure 4.15: Schematics of the electromolding when ε2/ε1 > 1. The peaks of the
film align with the valleys of the plate pattern.
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Contour Plots of the Amplitude Ratio
In this section, the focus is on the dependence of Req on ε2/ε1, k, wˆe0, and Hv. Part
(a) of Figs. 4.16–4.18 plots Req against k, wˆe0, and Hv respectively when the values
of ε2/ε1 are 0, 0.5, and 1.5. Part (b) of each figure condenses the data of part (a)
into a contour plot of Req.
Figure 4.16: The variation of Req with ε2/ε1 and k is plotted for the case ofHf = 6 A˚,
L = 25nm, wˆe0 = 2.5, and Hv = 10nm. In part (a), Req is plotted against k when
ε2/ε1 is 0, 0.5, and 1.5. In part (b), the contours of Req are plotted against ε2/ε1
and k.
Figure 4.16 illustrates the variation of Req with k at different values of ε2/ε1
for the case where Hf = 6 A˚, L = 25nm, wˆe0 = 2.5, and Hv = 10nm. The three
curves in part (a) of Fig. 4.16 indicates that Req is the highest when ε2/ε1 = 0.
With increasing ε2/ε1, the curve decreases and Req will becomes zero at ε2/ε1 = 1.
Beyond ε2/ε1 = 1, Req changes sign to become negative, and its magnitude increases
with ε2/ε1. With respect to k, each curve shows a maximum point for |Req|. With
further increase in k, |Req| decreases to approach zero. The variation of Req with
ε2/ε1 and k is summarized as a contour plot in part (b) of the figure.
The variation of Req with ε2/ε1 is further confirmed in Figs. 4.17 and 4.18, where
Fig. 4.17 studies the variation of Req with ε2/ε1 and wˆe0 when Hf = 6 A˚, L = 25nm,
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Figure 4.17: The variation of Req with ε2/ε1 and wˆe0 is plotted for the case of
Hf = 6 A˚, L = 25nm, Hv = 10nm, and λ = 60nm. In part (a), Req is plotted
against wˆe0 when ε2/ε1 is 0, 0.5, and 1.5. In part (b), the contours of Req are
plotted against ε2/ε1 and wˆe0.
Figure 4.18: The variation of Req with ε2/ε1 and Hv is plotted for the case of
Hf = 6 A˚, L = 25nm, wˆe0 = 2.5, and λ = 60nm. In part (a), Req is plotted against
Hv when ε2/ε1 is 0, 0.5, and 1.5. In part (b), the contours of Req are plotted against
ε2/ε1 and Hv.
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Hv = 10nm, and λ = 60nm, and Fig. 4.18 studies the variation of Req with ε2/ε1
and Hv when Hf = 6 A˚, L = 25nm, wˆe0 = 2.5, and λ = 60nm.
It is also observed in Fig. 4.17 that Req is initially zero when we0 = 0, and will
increase with we0 until we0 exceeds a critical value, beyond which the plate pattern
ceases to control the film morphology. In Fig. 4.18, a critical plate height Hv,cr exists
below which the film morphology cannot be controlled by the plate pattern. In the
regime Hv > Hv,cr, Req decreases with Hv.
Time Dependence in the Development of the Film Morphology
The morphological evolution of the dielectric film can be described by Eqs. (4.20–
4.23) which were previously derived for conducting films in section 4.1.2. This focus
in this section will be on the dependence of L on the permittivity ratio ε2/ε1.
Figure 4.19 plots the contours of the diffusion length L for the case where L =
25nm, Hf = 6 A˚, ρs = 20.3 atoms nm
−2, and Ω = 6.8 A˚3. Part (a) shows the
dependence of L on ε2/ε1 and T when wˆe0 = 2.5, Hv = 10nm, and λ = 40nm.
With respect to ε2/ε1, the diffusion length initially decreases to a minimum at
ε2/ε1 = 1, then increases again with ε2/ε1. Similar to Fig. 4.14, the contours are
almost symmetric with respect to the line ε2/ε1 = 1 due to the term (1 − ε2/ε1)2
in Eq. (4.25). The variation of L with ε2/ε1 is further confirmed in parts (b–d) of
Fig. 4.19, where the contours of L are plotted in part (b) against ε2/ε1 and k when
T = 873K, wˆe0 = 2.5, and Hv = 10nm, in part (c) against ε2/ε1 and wˆe0 when
T = 873K, Hv = 10nm, and λ = 40nm, and in part (d) against ε2/ε1 and Hv
when T = 873K, wˆe0 = 2.5, and λ = 40nm. In addition, part (a) indicates that
L increases with the temperature. In part (b), L decreases with k. In part (c), L
increases with we0 to a critical value, above which α is negative and the flat film is
no longer controlled by the plate pattern. The reverse is seen in part (d), where film
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Figure 4.19: Contours of the diffusion length L are calculated for the case where
L = 25nm, Hf = 6 A˚, ρs = 20.3 atoms nm
−2, and Ω = 6.8 A˚3. The contour values
are on the order of 10−7m. In part (a), the contours of L is plotted against ε2/ε1
and T when wˆe0 = 2.5, Hv = 10nm, and λ = 40nm. Part (b) plots the L contours
against ε2/ε1 and k when T = 873K, wˆe0 = 2.5, and Hv = 10nm. Part (c) plots
the L contours against ε2/ε1 and wˆe0 when T = 873K, Hv = 10nm, and λ = 40nm.
Part (d) plots the L contours against ε2/ε1 and Hv when T = 873K, wˆe0 = 2.5, and
λ = 40nm.
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morphology cannot be controlled by the plate pattern when Hv is below a critical
value Hv,cr; see section 4.1.1. Above Hv,cr, L decreases with Hv and approaches a






The crucial issue in self-assembled fabrication lies in the necessary control over the
shapes, sizes and locations of the islands. The proposals to achieve this include the
etching of prepatterns (Chiu et al., 2004), the introduction of multilayered film struc-
tures (Xie et al., 1995; Tersoff et al., 1996; Shchukin et al., 1998; Springholz et al.,
1998; Zhang et al., 1999; Springholz et al., 2003; Wang, 2004), and the use of dislo-
cations to control the island formation (Xie et al., 1997; Ovid’ko and Sheinerman,
2002a,b; Kim et al., 2003). However, these proposals cannot completely eliminate
the problem of uncontrolled film morphology when the film is not in equilibrium to
begin with. More detailed information can be found in chapter 1.3.
On the other hand, our analysis of ∆etot in the previous chapters have shown that
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the application of an electric field can result in a film profile that is in thermodynamic
equilibrium when it aligns with the plate pattern. It is important to stress that the
electromolded film profile is only energetically favored if it aligns with the plate
pattern. From this perspective, the island growth under a patterned electric plate
is no longer spontaneous, but wholly controlled by the electric field.
Although our earlier analysis is based on 2D cosine wavy films, the results can
be extended to complicated 3D structures. The approach of using a patterned
electric plate to achieve self-assembled fabrication is termed Electro-Molding for
Self-Organized Nanoislands, or EMSON for short.
Briefly, EMSON works by making use of the electromolding effect from the pat-
terned electric plate. For SK films below the critical wetting layer thickness, the film
surface is flat and the system is in an equilibrium state. By placing a patterned plate
above the stable flat film and applying an electric field, the film profile develops into
an equilibrium structure that is controlled by the plate pattern. To reduce dielectric
breakdown, the film that is heated to an annealing temperature to promote surface
diffusion is under a positive bias. On the other hand, the upper plate is placed
under negative bias and cooled. Adjustments to the film profile can be made by
simply changing either the plate pattern, the electric plate height Hv, or the applied
electric field Ea. Once the desired film shape is obtained, it can be made kinetically
stable by lowering the film temperature. Through this method, a patterned electric
plate can in principle be reused indefinitely, or when required, easily replaced by a
plate of a more advanced design. Taking all these advantages into consideration,
any difficulties in manufacturing the electric plate are thus exonerated.
EMSON works on both conducting and dielectric films. However, it has been
shown in Figs. 4.16–4.18 that conducting films give a better response to the electric
field. Consequently, only the results for conducting films will be discussed in the
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following sections. In section 5.2, the Fourier transform is employed to extend the
solution for 2D cosine films to any smooth 3D shapes. Section 5.3 examines how
noise on the plate pattern affects the electromolded film profile, and how fine details
on the film morphology can be achieved within the desirable accuracy by a plate
pattern of minimum roughness. Section 5.4 presents the mathematical formulae
for the basic building blocks for constructing more complicated shapes, followed by
some representative 3D examples in section 5.5. Lastly, the merits and limitations
of EMSON are discussed in section 5.6.
5.2 Arbitrarily Patterned Plates
An example of electromolding has already been shown for a cosine shape in Fig. 4.6.
In this section, the 2D cosine result is extended to any 2D or 3D shape by the Fourier
transform, accurate to the first order of the slope of the surface profile.
Figure 5.1: An smooth 2D plate pattern.





bn [cos(nkx) + i sin(nkx)] . (5.1)
Each Fourier coefficient bn is equivalent to the amplitude of a mode with frequency
nk, and can be calculated efficiently with the fast Fourier transform (FFT). The




an [cos(nkx) + i sin(nkx)] , (5.2)
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where an = bnReq,n is obtained by applying the solution of the equilibrium amplitude
ratio Req,n individually to each Fourier mode.
Strictly speaking, a single non-periodic surface shape on a semi-infinite solid
has to be expressed by a Fourier integral instead of the Fourier series as given
in Eqs. (5.1) and (5.2), which are valid for periodic shapes only. Nevertheless,
from the computational point of view, the Fourier integral can be approximated by
Eqs. (5.1) and (5.2) accurately if the wavelength 2pi/k is sufficiently larger than the
characteristic size of the nanostructure. In this sense, the Fourier series can be used
to represent both periodic and non-periodic surfaces.
The procedure to calculate the 2D film profile for a given electric plate pattern
is as follows:
1. Employ 1D FFT to describe the electric plate pattern as a linear combination
of cosines and sines.
2. Calculate α and β for each Fourier mode to find the amplitude ratio Req,n.
3. Multiply each Fourier coefficient bn of the plate pattern with its corresponding
Req,n to obtain the coefficients an for the film profile.
4. Apply IFFT on the modified coefficients to obtain the film shape.
The mass of the film is conserved in this procedure by setting the zeroth term in
the Fourier series to be zero. The remaining terms in the Fourier series consist of
cosines and sines, which naturally do not violate the conservation of mass.
Part (a) of Fig. 5.2 shows a 2D example of a bump electromolded onto the film.
The system parameters are L = 25nm, g0 = 6Jm
−2, wˆe0 = 5, Hv = 10nm and
Hf = 2nm. When a bump of height |B| = 3nm and width D = 40nm is on
the plate, the electromolded island on the film has a height |Aeq| ≈ 1.0 nm and a
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Figure 5.2: An example of the electromolding of a 2D bump. The system parameters
are L = 25nm, g0 = 6Jm
−2, wˆe0 = 5, Hv = 10nm and Hf = 2nm. Part (a) shows a
plate patterned with a bump and the corresponding bump on the film. The height
of the bump on the plate is |B| = 3nm and that on the film is |Aeq| = 1.0 nm. Part
(b) plots the variation of Req,n, |bn/B|, and |an/B| with the frequency.
width D ≈ 50 nm. Although some deviation exists, the electromolded film clearly
resembles the pattern on the plate.
Part (b) of Fig. 5.2 plots three curves against the frequency; (1) the amplitude
ratio Req,n, (2) the Fourier coefficients of the plate pattern |bn/B|, (3) the Fourier
coefficients of the electromolded film profile |an/B|. Although the variation of Req,n
with the frequency differs from that of bn, the behavior of an = bnReq,n is nevertheless
similar to bn at least in the low frequency regime. This explains our observation in
part (a) of Fig. 5.2 that the electromolded film still resembles the plate pattern.
The approach developed for a 2D film can be adapted for a 3D film as well. Let
the x-axis and y-axis lie on the plane of the film and the z-axis protrude out of the






bmn [cos(mkx+ nky) + i sin(mkx+ nky)] . (5.3)
The only difference between the 2D and the 3D cases is that the cosine now exists
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where λ is the dimension of the square cell used in the FFT calculation. The actual
frequency for the modes of cos(mkx+ nky) and cos(mkx+ nky) is
kmn =
√
(mk)2 + (nk)2. (5.5)







amn [cos(mkx+ nky) + i sin(mkx+ nky)] , (5.6)
where amn = bmnReq,mn.
Other than the extra steps taken to obtain kmn, the numerical procedure in
handling the 3D case is very similar to the 2D one:
1. Employ 2D FFT to describe the plate pattern as a linear combination of cosines
and sines.
2. For each frequency mode (mk, nk), obtain the actual frequency kmn.
3. For each kmn, calculate α and β to find the amplitude ratio Req,mn.
4. Multiply each Fourier coefficient bn of the plate pattern with its corresponding
Req,mn to obtain the coefficients an for the film.
5. Apply 2D IFFT on the coefficients for the film to calculate the film shape.
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5.3 Analysis of Req and the Approximated Film
Technique
The importance of the amplitude ratio cannot be over-emphasized. For the elec-
tromolding to be sufficiently accurate and yet insensitive to the inevitable ”noise”
during fabrication, the system parameters have to be adjusted to achieve a distri-
bution of Req(k) that favors the intended film shape.
Figure 5.3: An example of electromolding with a high frequency cosine is shown.
The system parameters are L = 25nm, g0 = 6Jm
−2, wˆe0 = 5, Hv = 10nm, and
Hf = 2nm. The wavelength of the plate pattern is λ = 15nm. The film amplitude
|Aeq| is just 1.1 A˚ when |B| = 3nm.
Figure 5.3 shows the imprinted film shape under a electric plate with a high
frequency cosine pattern. The system parameters are L = 25nm, wˆe0 = 5, Hv =
10nm, and Hf = 2nm. The wavelength on the plate is λ = 15nm and |B| = 3nm.
In this configuration, the amplitude ratio Req is 0.037, suggesting that the amplitude
of the film undulation is only 1.1 A˚. In contrast to Fig. 4.6, the effectiveness of
electromolding is obviously reduced when the cosine frequency is too high; refer to
Eqs. (4.9) and (4.11). This finding has two implications.
First, an actual electric plate will always possess some noise in addition to the
pattern design. The major frequency of the noise can be expected to be significantly
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higher than the dominating frequencies making up the plate pattern. Since high
frequency cosines are less effective in electromolding the film, the logical conclusion
is that the effect of the pattern noise on the resulting film profile will be significantly
reduced during the EMSON process.
Second, the feature size of the intended profile must match the suitable Req. If
Req is greatest at frequencies much smaller than the dominating frequencies in the
Fourier series, then the electromolding is too insensitive to imprint fine details onto
the film. On the other hand, if Req(k) is greatest at frequencies much larger than the
dominating frequencies in the Fourier series, then the electromolding is too sensitive
at high frequencies and the surface profile of the film will be significantly different
from the intended one.
The amplitude ratio of an ideal electromolding setup would be small at the noise
frequencies on the plate but large at the dominating frequencies of the pattern.
However, it can be rather difficult to manipulate the variation of Req(k) to match
the Fourier coefficients. In addition, the actual system is limited by the values of
Hf , L, and g0 which can be hard to adjust freely or precisely.
A possible approach to resolve the problem of film deviation is to focus on cor-
recting the film shape rather than improving the film-plate resemblance. For a
better understanding, parallels can be drawn to the efforts of Intel to improve the
lithographic image by adding extra features on the mask that do not show up on the
chip. These extra features on the mask compensate for the blurring effect arising
from lens abberations and limitations in the electromagnetic wavelengths used. The
final result is a clearer, sharper image on the resist layer.
A simple implementation of this approach would be to first define the intended
film shape and obtain its Fourier coefficients an, followed by the calculation of the
required plate pattern by employing the relationship bn = an/Req,n to obtain bn.
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However, it is found that the calculated plate pattern is often too rough. To under-
stand why, consider the film electromolded by a given plate. As Fig. 5.2 shows, the
film profile deviates from the plate pattern into a smoother shape. The reason for
the trend of the electromolded film profile being smoother than the plate pattern
can be traced to the decreasing behavior of Req with k, which diminishes the higher
frequency modes on the film. By reverse logic, it follows that an intended film shape
can only be precisely molded by a plate with a rougher pattern. How then can the
intended nanostructure be electromolded accurately on the film without resorting
to using plates with exceedingly complex patterns?
The solution came to us when we noticed that the deviation of the film can be
quite small even when the plate pattern used is quite smooth, as shown in Fig. 5.2.
The idea is to approximate the intended film profile by a similar structure that
can be electromolded by a smooth plate pattern, rather than insisting that the film
should match the intended profile exactly. As it turns out, the corresponding plate
pattern can be significantly smoother even when the inaccuracy of the actual film
profile to the intended one is small.
For simplicity, the following derivations are based on a 2D film, but its solution
can be easily applied to 3D films as well. The Fourier coefficients for the intended
film shape, the approximated one and the required plate pattern are denoted re-
spectively as a∗n, an, and bn. The difference between the intended film shape and
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The approximated film profile is determined by considering the following three
conditions. First, the difference erra between the approximated and the intended
surface profiles is minimized. Second, the roughness ρ of the plate pattern is mini-
mized. Third, the value of the difference erra is fixed at a value ta, which represents
the accuracy requirement for the approximated film profile. The three conditions
are expressed respectively as
∑
n
(an − a∗n) δan = 0, (5.9)∑
n
bn δbn = 0, (5.10)
erra = ta. (5.11)
From Eq. (5.9),




(an − a∗n) δan. (5.12)
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Substituting Eq. (5.14) into the accuracy requirement erra = ta leads to the
relationship








which can be solved numerically to obtain the value of a1. Subsequently, an can
be calculated from Eq. (5.14), followed by bn from the relation an = Req,nbn. In
summary, Eqs. (5.14) and (5.16) describe the approach to control the degree by
which an electromolded film approximates the intended structure with minimum
roughness of the plate pattern.
5.4 Shapes Equations in Electromolding
The formulae adopted in the thesis to express different island shapes are briefly
discussed in this section. There are several mathematical formulae that can describe
similar shapes, and each will experience slightly different electromolding behavior.
However, this is a mathematical issue which should not be a major concern in actual
application.
In the case of the simple bump, two different formulae were considered, namely
the exponential bump and the cosine bump. The exponential bump is the true
round bump whereas the cosine bump is in fact squarish. However, the equation of
the cosine bump is more suitable for mathematical analysis.
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where d =
√
x2 + y2 and ω is a scaling factor for the bump radius.
The cosine bump is defined as
fb,cos =














where D is the diameter of the bump and k = 2pi/D.







x2 + y2 and r is the radius of the ring.














where W is the wire length and D is the wire width.
More complex shapes can be constructed from the basic shapes just described.
For example, a Y junction is the combination of three wires and the subtraction of
an exponential bump at the center where the wires meet.
5.5 Design of Electric Plates for Film Shapes of
Controlled Accuracy
In this section, we demonstrate that the approach described in section 5.3 can
provide a design of electric plate pattern satisfying the following two criteria:
1. The pattern roughness is minimized.
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2. The difference between the actual film profile and the intended one is within
the accuracy requirement ta.
Figures 5.4–5.10 respectively plot the cosine bump, the exponential bump, the
ring, the quantum cellular array, the dot array, the parallel wires, and the y-junction.
The basic building blocks for these shapes are expressed in Eqs. (5.17–5.20). The
accuracy requirement is ta = 0.1% unless specified otherwise. The system param-
eters are L = 25nm, wˆe0 = 7.5, Hv = 10nm, Hf = 2nm, g0 = 6Jm
−2, ` = 1 A˚,
and |Aeq| = 2nm. In all the figures, part (a) shows the top view of the intended
film profile, part (b) depicts the plate pattern calculated from the approach in sec-
tion 5.3, part (c) illustrates the film profile electromolded by the patterned plate,
and part (d) demonstrates a 3D view of the patterned plate and the electromolded
film. The axes of all the plots are on the order of 10 nm.
Figure 5.4: A 3D cosine bump, |B| = 2.8 nm.
Figures 5.4–5.10 offer valuable qualitative clues to the design of electric plates
that can more accurately electromold the intended film profile.
1. The features on the plate are typically narrower than the intended features.
This probably helps in localizing their effect on the film, especially when many
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Figure 5.5: A 3D exponential bump, |B| = 3.3 nm.
Figure 5.6: A 3D ring, |B| = 2.9 nm, and ta = 0.3%.
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Figure 5.7: A quantum cellular array using cosine bumps, |B| = 2.8 nm.
Figure 5.8: A 3D FCC dot array using cosine bumps, |B| = 2.8 nm, and ta = 0.3%.
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Figure 5.9: Two 3D parallel wires, |B| = 2.8 nm.
Figure 5.10: A 3D Y-junction, |B| = 2.7 nm.
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features are closely packed together.
2. The height or depth of the features on the plate is typically higher compared
to the height of the intended features. This clue obviously works hand in hand
with the first clue, compensating for the diminished electromolding strength
of the narrower features on the plate.
3. The plate pattern frequently has trenches surrounding the protruding parts of
the pattern design. The trenches presumably help to improve the delineation
at the boundaries of the intended features.
4. There are ”ripples” around the ring pattern on the plate. They may be the
equivalent of the third clue, but peculiar to island rings only.
Lacking a clear methodology, our interpretation of these clues are on a purely intu-
itive level. Further investigation into the technology of plate design is needed.
5.6 Discussion
EMSON has potential advantages that make it suitable for cost-effective, high-
throughput manufacturing. The shape and feature size on the film is fully controlled
by the system parameters and the plate pattern. This degree of control on such a
small scale is invaluable for the fabrication of nanowires and quantum dots. In
addition, the procedure does not require complicated steps and an entire layer can
be molded at a time. Furthermore, fine-tuned adjustments can be made easily by
either changing Hv or Va to control the electric field.
Although the patterned electric plate may be difficult to fabricate, it can be
reused many times, or when required, replaced easily by a plate of a more advanced
design. Furthermore, the amplitude ratio Req has been demonstrated in Fig. 5.3
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to decrease significantly when the frequency is outside the optimum range that is
decided by the system parameters. Consequently, small defects on the plate are not
likely to be imprinted onto the film.
In contrast, other proposed techniques like etching prepatterns (Chiu et al.,
2004), and multilayered film structures (Wang, 2004; Tersoff et al., 1996; Xie et al.,
1995; Springholz et al., 1998, 2003) involve multiple additional steps. Furthermore,
these etching or multi-layering steps can be difficult to implement correctly, yet must
be performed on every individual film.
Our technique still has unresolved issues. In particular, the equation employed
for the interaction energy is a first order solution that assumes the undulation am-
plitude is small relative to the average film thickness. On the contrary, the higher
order effects should not be so easily neglected, given the often very small Hf used.
Therefore, some uncertainty exists over the issue of whether the equilibrium state
of the electromolded film is true for higher Aeq and smaller Hf . One solution would
be to use higher order solutions for the interaction energy, but then the question of
how high is enough arises. Another inconsistency of our model with semiconduc-
tor films is that the film surface typically forms faceted islands rather than smooth
wavy islands. Nevertheless, our calculations can still be applied to films which are
annealed at temperatures high enough to overcome the tendency to form facets.
The best way to resolve the above two problems is perhaps to study faceted
islands. Faceted islands have the advantage of being more true to the phenomenon
of self-assembled islands. Furthermore, the exact solution for the interaction energy
is easily found for faceted islands. The different facets are equilibrium crystal planes
where the surface energy density is minimized as shown with the conventional Wulff
plots, and this can only encourage the electromolded film profile to maintain its
equilibrium state. However, the solution for the electrostatic energy of 3D faceted
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islands is yet to be derived.
One possible problem is dielectric breakdown. This possibility arises when the
electric plate and film are near enough. The exact distribution of the electric field
will depend on the morphologies of the film and the plate. In addition, the dielectric
strength of a vacuum depends on the conditions of the electrodes and the vacuum
level. The electric field strength required is subject to the electromolding parameters
and the film properties. For a more quantitative analysis, the electric field strength
employed in the thesis is calculated to be on the order of 10MVcm−1. When the
film and the plate are patterned, the distribution of the electric field will be more
concentrated at the tips of the surface features. A proposal to raise the dielectric
strength of the vacuum is given in chapter 5. By adhering to this proposal, the
prevention of dielectric breakdown in the vacuum should not be a significant prob-
lem, especially considering that the electric field concentration is unlikely to be as
extreme as the situation in STM.
An additional point to consider is that our result suggest that electromolding
works better on conducting films than on dielectric films. In particular, it can be de-
duced from Eq. (3.104) that a conducting film with ε1 →∞ will experience the most
reduction in total energy when subjected to electrolding as compared to a dielectric
film of similar properties but with a finite dielectric constant. As a result, weaker
electric fields can be used to electromold conducting films, thereby reducing the
risk of dielectric breakdown. Another factor that specifically favors metal conduct-
ing films is the large interaction energy between a metal film and a substrate (Suo
and Zhang, 1998). A larger interaction energy enables the electromolding of finer
features on thicker films. On the other hand, although semiconductors can achieve
conductivities comparable with that of metals, there is insufficient information on its
interaction energy. Considering within the scope of doped semiconductors, we con-
CHAP. 5: EMSON 92
jecture that p-type doping is better than n-type because the p-type doping is more
compatible with the positive bias applied to the film to reduce dielectric breakdown.
The continuum model offers excellent time efficiency, is well suited to mathemat-
ical analysis, and is not limited by the number of atoms considered. However, with
decreasing film thickness and island sizes, the discreteness of the film becomes more
important and this affects the reliability of the results of the continuum model. In
the examples given, the film thickness is typically thin in order to satisfy the re-
quirements of the EMSON method. Nevertheless, it is unclear at what thickness
will the atomistic effects become so significant that the continuum approach fails
entirely. We believe our results for very thin films still has its merits from a qualita-
tive standpoint. Furthermore, the atomistic effects can be reduced by using thicker
films, although this may require some adjustments of the system parameters and
film properties to be more suited to the increased film thickness. Some examples can
be found in Figs 5.4–5.10, for which the film thickness is 2 nm under the condition
that g0 = 6Jm
−2, typical for metal films
The last issue to highlight is the need to carefully balance the various parameters
of the film thickness, the mismatch strain, the electric field, the plate height, and the
plate pattern so that accurate electromolding can be achieved without requiring too
rough a plate pattern. Another reason is that when A + B > Hv, the calculations
are invalid. A naive solution would be to replace the electric plate by another
plate with a lower pattern height B. Alternatively, the electric plate can be raised.
However, either solution would result in an island on the film that would most likely
be too low. Only when the system parameters are properly configured will there
be an optimum match of the amplitude ratio with the dominating frequencies of
the intended film shape, such that the accuracy requirement and intended island
height can be satisfied without requiring overly rough plate patterns or violating
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the condition A+B 6 Hv.
Chapter 6
Conclusion
In this thesis, we have investigated the effect of an electric field on film morphology.
The motivation of this study stemmed from the difficulty in changing the intrinsic
properties of the surface free energy and the film-substrate interaction to influence
the film stability. In contrast, an externally applied electric field is easily adjustable.
We have studied the response of both dielectric films and conducting films to the
presence of an electric field and shown that the response on the film can be easily
controlled by adjusting the film thickness, mismatch strain, electric field strength
and electric plate height. Furthermore, the patterned surface on the electric plate
has been found to induce a similar shape on the film surface. From this observation,
a novel approach is proposed to electromold the shapes of thin films – EMSON.
Rather than attempting to improve film stability, EMSON is about the controlled
activation of a stable flat film to develop a desirable equilibrium surface morphology
of any shape.
One useful advantage of the electromolding process is that the effects from the
noise on the plate is significantly diminished on the film. However, the finer details
on the plate pattern may not be imprinted clearly onto the film as well. Therefore, an
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approximation technique was developed whereby the plate pattern can be designed
to control the resemblance between the electromolded film and the intended shape.
There are two main benefits in this technique. First, the resemblance between the
actual film and the intended film shape can be specified. Second, the roughness of
the plate is minimized for the given system parameters. The minimization of the
plate roughness obviously benefits the fabrication of the electric plate, and along
with the reusability of the plate, can exonerate any difficulties in its fabrication.
Some examples of the EMSON process have been shown for the case of bumps,
rings, wires, quantum cellular arrays, FCC dot arrays, and Y-junctions. Our results,
though theoretical, demonstrate interesting features in the plate pattern and the
film profile that are convincing from the experimental perspective. In conclusion,
electromolding imparts control over self-assembled fabrication and may potentially
pave the future of electronics.
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Appendix A
Preliminary Results on the
Practicality of EMSON
The introduction of EMSON presented in Chapter 5 has shown how the film profile
can be controlled by the plate pattern to resemble an intended shape within a
tolerable margin of error. However, although the concept of EMSON is sound, our
results are limited to the first order of the slope of the surface profile. A second
order solution, especially for the interaction energy, would improve our results but is
beyond the scope of this thesis. Nevertheless, our current model still provides us the
means to better understand the experimental challenges against EMSON. In this
appendix, a preliminary analysis of the practical feasibility of EMSON is presented.
First, a grayscale plot of the plate roughness is shown and the regime of Hf against
Hv in which EMSON is feasible is discussed. This is followed by a parametric study
of the sensitivity of the film profile against variations in the film thickness and the
plate height.
Sections 5.3 and 5.5 have suggested that the fabrication of the intended film shape
can require complex plate patterns. In practice, the complexity of the plate pattern
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is obviously an important concern. If the plate pattern is too complex, there would
be considerable difficulty in constructing the plate. This issue is perhaps analogous
to the construction of the masks used in conventional lithography.
Figure A.1 illustrates how the plate roughness ρ varies against Hv and Hf for the
case of a simple cosine bump as describe by Eq. (5.18). The shaded region indicates
the approximate validity region for EMSON based on our first order energy solution.
Above the validity region, EMSON is invalid because the film exceeds its critical
thickness. Below the validity region, the physical restriction of |Aeq| + |B| 6 Hv
is violated. The reference system in this parametric comparison is shown in part
(a), where L = 25nm, D = 40nm, wˆe0 = 7.5, ta = 0.1%, and g0 = 6Jm
−2. These
parameters are changed to ta = 0.5% in part (b), L = 40nm in part (c), wˆe0 = 5 in
part (d), and D = 20nm in part (e).
In part (a) of Fig. A.1, it is observed that the plate roughness is lowest at small
Hf and large Hv. However, a too thin film is too stable and would require very rough
plate patterns in order to destabilize the film sufficiently, but this would easily violate
the condition of |Aeq|+ |B| 6 Hv. Likewise, a too large Hv will mean less precision
during electromolding, therefore needing a rough plate pattern to compensate. On
the other hand, a too thick film would be barely capable of stabilizing the film
shape against the electric field, therefore very rough plate patterns are required to
compensate for all the errors during electromolding. A somewhat ambiguous trend
is observed when Hv is low; the high electromolding effect at low Hv increases the
tendency of the film to overreact to the plate pattern, thus rougher plates may be
needed to compensate. However, the case of a low Hv may be too close to the critical
condition α = 0 for the results to be reliable.
Part (b) of Fig. A.1 clearly shows that a higher ta for approximation enlarges the
validity region for EMSON significantly. Part (c) shows that by increasing L, the
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Figure A.1: Grayscale surface plot of the plate roughness against the axes Hv and
Hf . In part (a), L = 25nm, D = 40nm, wˆe0 = 7.5, ta = 0.1%, and g0 = 6Jm
−2.
These parameters are used again in parts (b) to (e) with slight modifications of
ta = 0.5% in part (b), L = 40nm in part (c), wˆe0 = 5 in part (d), and D = 20nm
in part (e).
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validity region will increase to a larger Hf range, but shrink to a smaller Hv range.
This is due to the decreased destabilization effect from the strain energy that allows a
higher Hf,cr, but which also means that electric fields with higher Hv will violate the
condition |Aeq|+ |B| 6 Hv with their rough plate patterns. In part (c), the lowered
electric field strength has a similar effect as the decrease in the strain energy in part
(d). In both cases, Hf,cr has increased and the film is more stable. Part (e) shows
that a smaller bump can be significantly harder to fabricate; the validity region is
reduced and the plate pattern is significantly rougher. However, it should also be
noted that the compatibility of the amplitude ratio Req with the feature size has
a direct impact on the size of the validity region. This means that an optimum
feature size exists for every set of system parameters, and the electromolding of
smaller features can be relatively easy when the system parameters are suitable.
Next, we turn our attention to the sensitivity of the electromolding process,
defined as the change in the film profile due to imprecise or fluctuating parameters
of the film or equipment. For example, let the fluctuating system parameter be Hf .
The approximation technique in section 5.3 is applied to obtain the coefficients an
and bn for a given value of Hf . A small variation δHf is introduced but bn(Hf ) is
still applied to represent the fixed plate pattern. The sensitivity of EMSON can









The sensitivity can then be plotted as contours against the axesHf andHv, bounded
by the conditions α > 0 and |Aeq|+|B| < Hv. By the same procedure, the sensitivity
of the electromolding towards a variation δHv can be obtained.
Figure A.2 shows the contours of δaˆ given a variation of δHf for the case of a
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Figure A.2: Contour surface of δaˆ against Hv and Hf given a variation δHf . In
part (a), L = 25nm, D = 40nm, wˆe0 = 7.5, ta = 0.1%, δHf/Hf = −0.05 and g0 =
6Jm−2. These parameters are used again in parts (b) to (f) with slight modifications
of ta = 0.5% in part (b), L = 40nm in part (c), wˆe0 = 5 in part (d), D = 20nm in
part (e), and δHf/Hf = −0.01 in part (f).
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simple cosine bump. The baseline in this parametric comparison is shown in part
(a), where L = 25nm, D = 40nm, wˆe0 = 7.5, ta = 0.1%, δHf/Hf = −0.05, and
g0 = 6Jm
−2. These parameters are changed to ta = 0.5% in part (b), L = 40nm in
part (c), wˆe0 = 5 in part (d), D = 20nm in part (e), and δHf/Hf = −0.01 in part
(f).
The shape and size of the validity region has been explored in Fig. A.1 and will
not be discussed further here. In parts (b) to (c), the values of the δaˆ contours
appear within reasonable limit and do not change significantly. In part (e), the
smaller bump is harder to fabricate and δaˆ increases noticeably in the much smaller
validity region. In part (f), the reduced δHf/Hf has a significant effect of lowering
the δaˆ values by one order of magnitude.
Figure A.3 shows the contours of δaˆ given a variation of δHv for the case of a
simple cosine bump. The baseline in this parametric comparison is shown in part
(a), where L = 25nm, D = 40nm, wˆe0 = 7.5, ta = 0.1% and δHv/Hv = −0.05, and
g0 = 6Jm
−2. These parameters are changed to ta = 0.5% in part (b), L = 40nm
in part (c), wˆe0 = 5 in part (d), D = 20nm in part (e), and δHv/Hv = −0.01 in
part (f). The contours plots are basically similar to, yet are markedly different from
Fig. A.2 in that the sensitivity is smaller by almost an order of magnitude. The
small δaˆ values in these plots suggest that the inevitable fluctuations in Hv will
not be a significant disruption during electromolding. Furthermore, part (f) of the
figure indicates that the effect of δHv decreases by almost two orders of magnitude
when δHv/Hv is reduced from −0.05 to −0.01.
One important observation from Figs. A.2 and A.3 is that the smaller the feature
to electromold, the more precise the film thickness must be. Another point to note is
that δaˆ is significantly reduced when the fluctuation decreases by a relatively small
degree, implying that it is possible to improve the accuracy of the electromolding
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Figure A.3: Contour surface of δaˆ against Hv and Hf given a variation δHv. In
part (a), L = 25nm, D = 40nm, wˆe0 = 7.5, ta = 0.1%, δHv/Hv = −0.05 and g0 =
6Jm−2. These parameters are used again in parts (b) to (f) with slight modifications
of ta = 0.5% in part (b), L = 40nm in part (c), wˆe0 = 5 in part (d), D = 20nm in
part (e), and δHv/Hv = −0.01 in part (f).
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process without having to reduce the inevitable fluctuations to unattainably low
levels. Furthermore, EMSON is clearly less sensitive to δHv than δHf . Obviously
the ideal scenario would be for EMSON to be insensitive to both of them, but this
is impossible as Hf and Hv are two of the system parameters afterall. From another
perspective, the higher sensitivity towards δHf compared to δHv is good, because
although the plate height constantly experiences fluctuations, the film thickness
stays constant once the deposition stops. In practice, post-deposition measurements
can determine the true Hf so that the necessary adjustments can be made to the
electrical parameters. The control of Hv during electromolding is a relatively minor
problem, especially considering the highly precise pizeoelectric actuators available
in the industry.
